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ABSTRACT 
Lutetium oxide doped with europium oxide (Lu20 3:Eu3+) has been established to 
be a bright, dense scintillator material with vast potential in both medical and high 
resolution X-ray imaging applications. Unfortunately its commercial viability has been 
restricted due to the manufacturing and post treatment costs associated with device 
fabrication. This research was ai med at the development of two vapor deposition 
techniques; chemical and physical vapor deposition (CVD and PVD), to produce coatings 
of Lu20 3:Eu3+ for various X-ray imaging applications. A customized CVD process to co-
deposit Lu20 3 and Eu20 3 was developed using lutetium and europium chloride (LuCI3 
and EuCI 3) precursors and reacting with carbon dioxide (C02) and hydrogen (H2). An in-
depth study was performed by systematically varying the process parameters to explore 
the deposition kinetics and identify the rate limiting steps and their effects on the growth 
morphology using both cold and hot wall CVD reactors. The activation energy for the 
kinetically limited deposition of Lu20 3 from the LuCb - Ar - C02 - H2 system was 
identified to be approximately 170 kJ/mol , which is significantly lower than expected. 
The predominant growth 01ientations were identified to be { 111} and { 100}, depending 
IV 
on the deposition conditions. As the temperature is increased, the growth orientation 
preference decreases to produce a randomly oriented growth at 1150°C. The scintillation 
and X-ray imaging characteristics of a co-deposited Lu20 3:Eu3+ thin film with a { 100} 
mientation were measured, confirming the feasibility and applicability of the CVD 
system to produce thick scintillator x-ray imaging devices. A fundamental study of the 
PVD process was performed by sputtering of Lu20 3:Eu3+ using a single target magnetron 
sputtering gun. Systematic variations of the deposition parameters were used to 
understand the effect of the ejected flux kinetic energies and deposition rate on the 
deposit density, stress, optical and scintillation properties. The deposition system was 
subsequently optimized for rapid, dense growth of a 10 f..!m thick Lu20 3:Eu3+ coating at 
elevated temperatures. The X-ray imaging properties were measured and the results 
yielded an X-ray imaging resolution slightly better than 1 f..!m with the potential for 0.5 
f..!m with fUtther optimization, a level never before attained. 
v 
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Chapter 1 
1 Introduction 
1.1 History of the X-ray 
At the end of the 191h century, Wilhelm Conrad Rontgen was investigating the 
ionization of gases in a discharge tube by applying a high voltage across two plates. At 
high voltages, the electrons from the cathode were accelerated to a high enough velocity 
that upon impacting the anode, an ionizing radiation was emitted. This radiation caused a 
barium platinocyanide painted cardboard plate outside the chamber to luminesce. 
Wilhelm Conrad Rontgen was one of the first to systematicall y study this phenomenon 
and later referred to this ionizing radiation as "X-rays". 
The penetrating properties of x-rays were quickly harnessed and used for medical 
imaging. Later, x-ray films were developed that contained a radiation sensitive layer; a 
mixture of silver halides and gelatin . After exposing the film to x-rays, a developer was 
used which reduces the x-ray exposed silver halide grains faster than the unexposed 
grains into pure silver. The remaining unreduced silver halide was removed in the fixing 
step that dissolves only the halides. The result was an x-ray image mapped by the silver 
grains that do not transmit light. 
Once Rontgen had discovered the X-ray, other scientist began to explore different 
types of radiation that were more energetic. Technological advancements such as the 
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birth of the photomultiplier tube (PMT) and the discovery of scintillators such as Nal:Tt 
enabled breakthroughs in fundamental research and understanding. 
1.2 Current Scintillator Materials 
Sodium iodide doped with thallium (Nal:Tl) has been, and is largely still the most 
popular scintillating ceramic used for x-ray imaging. It was extensively studied during 
the 1950s and 1960s and is still prevalent in many scintillation applications. Nal:Tl 
produces an impressive 41 ,000 photons per MeV of incident radiation, has a density of 
3.7 glee and many other attractive properties, which are summarized in Table 1.1 along 
with other prevalent scintillators. Since not all scintillators are created equal and different 
properties are more critical for different applications, scintillation detector materials and 
design are tailored to each individual need. Examples of the importance of each prope11y 
on the different applications are listed in Table 1.2 [1-5]. 
Table 1.1 Summary of key scintillators and their properties [6]. 
Density Light Output Decay Emission Material Wavelength (glee) (Ph!MeV) Time (ns) Maximum (nm) 
BaF2* 4 .88 1,500 0.6-0.8 550 
Bi4Ge3012 7.1 8,600 300 480 
CdW04 7.9 20,000 5,000 495 
Csl:Tl 4.51 66,000 800 550 
Gd2SiOs:Ce 6.7 8,000 60 420 
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K2Lai5:Ce 4.4 55,000 24 420 
LaBr3:Ce 5.3 61,000 35 358 
LuAl03: Ce 8.34 12,000 18 365 
Lu3Als0 12:Ce 6.67 12,500 55 530 
Lu2Si05:Ce 7.4 26,000 30 390 
Nai:Tl 3.67 41,000 230 410 
PbW04 8.28 300 2-3 410 
YAl03:Ce 5.6 21,000 20-30 360 
Y3Als01 2:Ce 4.56 24,000 90-120 550 
*BaF2 only exhibits cross luminescence. 
Table 1.2 Example of application specific requirements [7]. 
Detector Requirements CT Mammography SPECT/PET 
Spatial resolution X X X 
Energy resolution X X 
Time resolution X 
Dynamic range X X 
Contrast sensitivity X X 
Counting efficiency X X X 
1.3 Predominant Manufacturing Techniques 
Many scintillators have been discovered and extensively researched, each with 
their specific benefits and disadvantages. Almost all scintillators are produced as single 
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crystals, which typically offer both high transparency and good scintillation properties. 
However, the growth of a single crystal has many requirements that make the process 
extremely expensive and labor intensive. Single crystals are most commonly grown using 
the Czochralski process, the Bridgman-Stockbarger technique or similar processes. The 
Czochralski process involves dipping of a seed crystal into a molten bath of the same 
material and slowly pulling it out while rotating at a controlled rate. The molten material 
slowly crystallizes on the seed as it is pulled out, forming a single crystal of the same 
orientation as the seed. The most commonly used scintillator matetials: cesium iodide 
doped with thallium (Csi:TI) and sodium iodide doped with thallium (Nal:TI) have 
relatively low melting temperatures (-660°C) and are therefore relatively easy to grow. 
However, upcoming scintillator materials such as lutetium oxide (Lu20 3), lutetium 
silicates (LSO and LPS) and lutetium aluminates (LuAG and LuAP) all exhibit melting 
temperatures upwards of 2000°C, which drastically increases the difficulty and cost of 
single crystals growth. 
1.4 Alternative Manufacturing Techniques 
Alternative manufacturing methods have been developed to circumvent the cost 
and drawbacks of single crystals and produce polycrystalline transparent ceramics. These 
include sinteting, uniaxial (or biaxial) hot pressing and hot isostatic pressing (HIP). 
However, not all materials can be made into highly transparent polycrystalline ceramics 
due to orientation specific refractive indices for non-cubic materials, which cause light to 
scatter when traveling through multiple grains of varying orientations. 
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1.5 Rare Earth Scintillators 
Lanthanides, commonly refen·ed to as rare earths, are actually not rare but rather 
widely dispersed throughout the earth's crust and as a result are typically not found in 
concentrations sufficient for mining to be economical. Difficulty also lies in the 
separation of the individual lanthanides due to their similar chemistry. The lanthanide 
series falls in 'Group 3' of the periodic table and generally exhibit a +3 valence, although 
+2 and +4 values are occasionally found as well. The primary differences between the 
rare earths arise from different numbers of electrons in the 4f shell, which is largely 
shielded from chemical interactions by the 6s and 6p shells. This shielding has resulted in 
significant interested in, and extensive characterization of, the intra-4f transitions [8-10]. 
The most significant chemical difference arises from the "lanthanide contraction". This is 
the result of the increased attractive forces exerted by the increasing number of protons in 
the nucleus upon the electrons in the 4f shell. In a six-coordinated site, lanthanum (La+3) 
has a radius of -102 pm and lutetium (Lu+3) of -86 pm. Furthermore, the excitation and 
recombination of the 4f electrons typically result in efficient emission within the visible 
spectrum and have been used extensively in many photonic devices including light 
emitting diodes, lasers, optical amplifiers, scintillators and more [ 11, 12]. 
The rare earth sesquioxides, which are of particular interest, typically form three 
types of structures; hexagonal, monoclinic and cubic [13]. The cubic structure is the most 
ideal for polycrystalline ceramics as it largely prevents optical scatter from anisotropic 
refractive indices. 
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1.6 Europium Doped Lutetium Oxide 
Europium doped lutetium oxide (Lu203:Eu3+) has been extensively studied as a 
candidate material for X-ray imaging and mammography. This chapter attempts to 
rationalize the choice of Lu20 3:Eu3+ and to summarize some of the key properties 
affecting deposition. As detailed in Table 1.3 , Lu20 3:Eu3+ is very attractive as a 
scintillator due to its high density (9.42 glee) and atomic number (ZLu = 71) that result in 
an extremely high absorptivity for ionizing radiation and high electron density, which 
contribute substantially to the scintillation properties. 
Table 1.3 Summary of key material properties of Lu20 3. 
Basic Material Properties Value Units 
Density 9.42 glee 
Atomic Number ZLu = 71, Zo = 16, Zeff = 68.8 
Unit Cell Body Center Cubic (BCC) 
Lattice Parameter 10.390 A 
Melting Temperature 2490 oc 
Furthermore, as listed in Table 1.4, Lu20 3:Eu3+ is a highly transparent ceramic 
with a bright emission, an internal quantum efficiency of over 90% and an emission 
wavelength ideal for the wavelength sensitivity of CCD cameras. Additional mechanical 
properties necessary for mechanical characterization and matching of substrate thermal 
expansions are listed in Table 1.5 . 
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Table 1.4 Key Optical and Scintillating Related Properties of Lu20 3:Eu3+ [14,15] 
Optical Properties Value Units 
Index of Refraction 1.94@ 510nm 
Refractive Index Constants Cl=6.6xl0-3, C2=0.3833 
Color Colorless 
Total Emission ~30,000 Ph/MeV 
Quantum Efficiency >90 % 
Lu20 3 Band Gap 5.5 [225.4] eV [nm] 
Eu20 3 Band Gap 4.4 [281.8] eV [nm] 
Peak Emission Wavelength 611 nm 
Decay Time ~1.0@ 611nm ms 
Table 1.5 Key Mechanical Properties of Lu20 3 [14,16-18] 
Optical Properties Value Units 
Elastic Modulus 174 GPa 
Hardness 4 GPa 
CTE [17-19] 5.9@ 27°C, 8.2@ 1300°C 11m· m- 1 · K- 1 
1.7 Reported Structures ofLu20 3 
The standard 'BCC' Lu20 3 x-ray diffraction (XRD) pattern is shown in Figure 1.1 
with the key peaks labeled. The key peaks (222), (400) and (440) , which correspond to 
d-spacings of 3.001, 2.598, and 1.837 A respectively, diffract for Cu-KD 1 radiation (D = 
1.541 A) at 2-theta angles of 29.746, 34.495 and 49.584 degrees respectively. 
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Figure 1.1 Standard XRD pattern of polycrystalline Lu20 3 with key peaks labeled. 
Under most situations , no structure other than BCC Lu20 3 is observed. However, 
under highly stressed circumstances, both amorphous and monoclinic phases have been 
reported. Jiang et al. have reported that phase transformation of Lu20 3 can be induced by 
applying pressures of approximately 12.7 GPa, at which point the transition from cubic to 
monoclinic begins. The transformation is completed at approximately 18.2 GPa and can 
remain stable by quenching to ambient conditions [20]. Martinet et al. have reported the 
deposition of a monoclinic Lu20 3 phase using pulsed laser deposition. This phase was 
observed when the deposit was highly disordered and was stable only up to 300°C. The 
range of deposition conditions to produce the monoclinic phase was reported to be very 
nanow and produces either monoclinic or amorphous thin films [21] . 
It is also important to note that Tang et al. have reported that no transfmmations 
induced by Kr+ ion inadiation occur for Lu203 at cryogenic temperatures even with 300 
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keY KJ·++ ions and doses of approximately 25 dpa (displacements per atom), unlike the 
Dy20 3 and Er20 3. This was hypothesized to be the result of a more stable structure due to 
the smaller cation size resulting from the lanthanide contraction [22-24]. 
1.8 Site Symmetries and Surface Energies in Lu20 3 
Lu20 3 has a body-center-cubic-like (BCC) unit cell, with a (C-type) bixbyite 
structure, similar to the BCC CaF2 structure, except with two vacancies to accommodate 
charge neutrality . The vacancies can position themselves in two arrangements, which 
create two site symmet1ies; the C2 and S6 (or C3i), as illustrated in Figure 1.2. These 
valiations in site symmetry are similar in energy but have with slightly different electric 
and magnetic dipole transition rules. The C2 site has strong electric dipole and weak 
magnetic dipole induced transitions and the S6 site has only weak magnetic dipole 
induced transitions. Approximately 75 % of Lu atoms sit in the C2 site where the emission 
is strongest and has the lowest afterglow. Charge transfer between the C2 and S6 site has 
been observed and is a the1mally activated process [25-30]. 
Surface energy, which is a strong function of atomic planar density, is a key factor 
m grain growth and can determine which surfaces will prefentially grow during the 
deposition process. The surface energies of the { 100}, { 110 }, and { 111} planes in indium 
oxide (In20 3) were calculated by Zhang et al. to be 1.76, 1.07 and 0.89 J/m2 and are 
illustrated in Figure 1.3. In20 3 exhibits the same BCC bixbyite structure, with similar 
lattice parameter, atomic radius and valence and is can therefore be considered a good 
estimate for the surface energies of the equivalent Lu20 3 surfaces. Furthermore, the yttlia 
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stabilized cubic z1rcoma system also exhibits the same trend of decreasing surface 
energies from the { 100}, { 110} and { 111 } planes [31]. 
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Figure 1.2 (A) Lu20 3 bixbyite unit cell with only the first layer shown . Individual site 
symmet1ies: (B) C2 and (C) S6 (or C3i). Where the small dark spheres are the cations (Lu 
or Eu) and the larger light spheres are the anions (0) [32]. 
The surface energy is strongly dependent on temperature, stoichiometry, stress 
and other factors , and can induce specific orientations to grow faster relative to other 
mientations. The thin film mientation is therefore a strong indicator of the process of 
surface energy minimization and stresses that have developed during growth. This is 
schematically shown using the kinetic Wulff shapes for diamond in Figure 1.4(B), where 
0 is the ratio of growth velocities of the { 001} and { 111} facets [33-37]. 
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Figure 1.3 A schematic representations of the fluorite (AB2) and the relaxed In20 3 
bixbyite (A2B3) sutface structures. The anions and cations are represented by large and 
small spheres, respectively . The relaxed surface energies are given for each termination 
along with the relaxation energy in parentheses [38]. 
The major growth facets of Lu20 3 are schematically shown in Figure 1.4(A), 
illustrating the potential morphologies that could be observed in a deposited film. The 
kinetic Wulff shapes for diamond are given in Figure 1.4(B), where the growth velocity 0 
is equal to .J3 · (V00dV111 ) . All idiomorphs are identical for 0 ~ 1; i.e. a cube with 
{ 001 } facets and an octahedron with { 111} facets identical for all 0 ~ 3. The arrow 
indicates the fastest growing direction [34]. For Lu20 3, the { 100}-oriented growth , 
depending on the growth velocities, could have either a square pyramidal idiomorph with 
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either {111} or {110} sides or a cube idiomorph with either {100} or {110} facets. The 
{ 111 }-oriented growth, depending on the growth velocities, could have either a 
tetrahedral pyramid idiomorph with either {100} or {110} sides, or an equilateral 
t1iangular idiomorph with { 111} facets. 
a=l a=l.75 
(1 1) WOVi~ 
Figure 1.4 (A) A schematic representation of a Lu20 3 grain with only the { 100}, { 110} 
and { 111} facets visible. (B) The kinetic Wulff shapes for diamond as a function of the 
facet growth velocity ratio, 0, of the { 100} and { 111} facets in steps of 0.25 [34]. 
1.9 Scintillation Process and Properties of Lu20 3:Eu3+ 
When high energy radiation interacts with matter, it can do so in several manners; 
such as the photoelectric effect, Compton scattering, and pair production, and are 
competing processes. The photoelectric effect is the generation of electron-hole pairs, 
Compton scattering is the inelastic scatte1ing of energetic photons, where only part of the 
energy is released to the electron, and pair production, is the generation of an electron-
positron pair that is produced from the energetic interaction with a nucleus. The 
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scintillation process can be defined as the photoelectric absorption of high energy 
radiation , raising the absorber into an excited state and subsequently decaying radiatively 
through the emission of lower energy photons as is schematically shown in Figure 1.6 
and produces an emission spectrum as shown in Figure 1.5. The efficiency of the 
scintillation process is broken down into the absorption efficiency 'D' , the energy transfer 
efficiency 'S ' and the emission of scintill ation photons 'Q', whereby the total efficiency 
is the product of these three factors [1]. 
500 550 600 
Wavelength (nm) 
650 700 
Figure 1.5 Cathodo-luminescence (CL) spectrum obtained from a hot pressed Lu20 3 
transparent ceramic with 5 mol % Eu3+ with key transitions labeled. 
Different processes dominate as the energy of the radiation increases. The 
photoelect1ic effect typically dominates at lower energies, but as energy increases into the 
mid keY range, Compton scattering begins to play a more dominant role. At even higher 
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energies (in the MeV range), pair production becomes significant. The probability for the 
photoelectric contribution is greater than 80% at energies less than 200 keY whereas the 
Compton scattering can contribute as much as 85% at -500 keY for a yttrium aluminum 
garnet doped with cerium (YAG:Ce) [1,39,40]. This is one of the circumstances under 
which Lu20 3:Eu3+ is theorized to out-perform other scintillators, by increasing the range 
of energies that produces the photoelectric effect. 
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Figure 1.6 Schematic of the Lu20 3:Eu3+ scintillation process with key processes 
highlighted. Left: Absorption, transport and recombination schematic. Right: Key energy 
levels, transitions in Eu3+ and the emitted spectrum [6,26,29]. 
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During the energy transfer from the point of excitation to the radiative centers, 
intermediate processes can impact the scintillation properties. These intennediate steps 
include the trapping of electrons by intrinsic effects, e.g. inherent prope1ties of the 
Lu20 3:Eu3+ system, or extrinsic effects, e.g. impurity or vacancy sites. Under reducing 
conditions, such as that of the hot press or under certain deposition conditions, Lu20 3 is 
well known to lose a small percentage of its oxygen, inducing a brown coloring. Lightly 
reduced Lu20 3 was measured using optical transmittance spectroscopy by Ordin et al., 
who observed the introduction of energy levels within the band gap of Lu20 3 [13,41,42]. 
1.10 Literature Survey of Lu20 3 Thin Films 
There are two major applications for lutetium oxide; high 0 gate dielectrics and 
radiation detectors . Deposition of Lu20 3 has been gaining interest in the last decade as an 
ultra high D gate dielectric where demands are becoming increasingly stringent as feature 
sizes approach the nanometer scale. A basic study of transparent Lu20 3 ceramjcs as a 
high 0 gate dielectric was performed by Ordin et al. to examine the optical , dielectric and 
electrical characteristics. They concluded that oxygen vacancies produce a small optical 
absorption and enable the mobility of charge carriers [41]. 
1.10.1 Physical Deposition Processes 
Somerset al. have deposited, using molecular beam epitaxy, both amorphous and 
epitaxially grown Lu20 3 on both Si(lOO) and Si(ll1). The results indicated that the 
-4.5 % mismatch resulted in a high interface defect concentration and the formation of an 
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Si02 inte1facial layer that hydrogen passivation and thermal annealing were unable to 
remove [43]. 
Nohira et al. deposited, at room temperature and a 10-8 Torr vacuum, 30 nm thick 
Lu203 thin films onto hydrogen terminated Si(lOO) using an electron beam (e-beam) 
evaporator. The as-deposited films were determined through XRD to be amorphous and 
crystallized after annealing in dry oxygen at 400°C [44,45]. 
Chan et al. have deposited Lu20 3 thin films of approximately 8 nm using pulsed 
laser deposition (PLD) . The as-deposited films were amorphous, a lutetium silicate 
interfacial layer was observed and a significant vertical tensile strain on the silicon was 
measured [46]. Darmawan et al. have also reported the deposition of amorphous Lu20 3 
using PLD, even after annealing at 600°C. The formation of oxygen vacancies and 
interstitials were hypothesized to generate electron and hole traps when annealing in 
nitrogen or oxygen respectively [47]. Mmtinet et al. have deposited Lu20 3:Eu3+ via PLD 
on fused silica substrates and have obtained amorphous, monoclinic and cubic thin films 
of various orientations [21]. The films were deposited at substrate temperatures varying 
from room temperature up to 720°C, with 0 2 partial pressures varying from 10-4 to 10-2 
mbar. Emission and excitation spectra were measured for the various thin films and noted 
a shift of the charge transfer (CT) band from 223 to 226 nm for grain sizes of 10 and 18 
nm, respectively . The charge transfer band has also been reported to shift from 235 to 
260 nm by decreasing the crystallite size from 40 to 5 nm [ 48]. Martin et al. have 
reported the potential use of PLD coatings for high resolution imaging, however, they 
specify the need for improved homogeneity [ 49]. 
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Pan et al. have reactively sputtered a 20 nm thick Lu20 3 film, onto a silicon wafer, 
from a lutetium metal target in a dilute 0 2(g) environment. The XRD pattern of the as-
deposited films appeared somewhat crystalline with small (222), (400), (440) and (622) 
being visible. Rapid thennal annealing at temperatures up to 900°C produced a randomly 
polycrystalline diffraction pattern [50]. 
1.10.2 Chemical Deposition Processes 
Scare! et al. have reported the deposition of Lu20 3 usmg an atomjc layer 
deposition technique by reacting a { [C5&(SiMe3)hLuCI }2 complex precursor with H20. 
The precursor sublimes at approximately 180-195°C, depending on the vacuum level and 
partially decomposes thermally around 250°C. The as-deposited films, were measured to 
be 7.9 nm thick, were essentially amorphous, but crystallized into a BCC structure upon 
annealing in nitrogen at 950°C [51]. Several authors have reported similar deposition 
processes and results (52-54]. 
Sipp et al. explored the chemical vapor deposition of yttrium oxide, Y203, using 
the chloride - carbon dioxide - hydrogen system. This system is very similar to the 
system explored in this thesis and therefore of great importance. They explored the 
temperature , pressure and individual parti al pressure dependence of the growth of Y20 3 
and obtained activation energy for the kinetically limited growth of 616 kJ/mol using an 
Arrhenius relationship. They observed that their deposition process was kinetically 
limited below ll00°C and subsequently mass transport limited [55]. 
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Sol-gel coatings have been produced by spinning on a layer of sol-gel and 
decomposing at 400°C in oxygen. The process is subsequently repeated as many times as 
is necessary to produce the desired thickness; approximately 50 times for 800 nm, and the 
final product is then annealed at 1000°C for 1 hr. [56]. Martin et al. have reported the 
limited use of this technique beyond thicknesses of 1 f..Lm due to the large stresses 
between layers [49]. 
A very promising and interesting recent trend in the production of high quality 
thin films has been the growth of thin films through liquid phase epitaxy. This method 
has recently been developed for high resolution scintillation detectors for various 
materials including lutetium silicate (Lu2Si05 abbreviated LSO). The method involves a 
melt of Lu20 3 + Si02 + RE20 3 (dopants) dissolved in a solvent such as Pb0-B 20 3. The 
mixture is heated to a molten state above 1000°C and a substrate, held by a platinum 
holder, is dipped in the melt and rotated. Below the super-saturation temperature, the 
LSO begins to crystallize epitaxially on the substrate. Thicknesses varying from 1 f..Lm up 
to 150 flm have been achieved and their high resolution x-ray imaging performance 
measured [57] . Many other authors have performed such work on other materials 
including Lu20 3:Eu3+ and characterized their properties [49,57-61]. 
1.10.3 Powder Processing 
Various powder processing techniques have been investigated for the production 
of Lu20 3:Eu3+ powders and ceramics. Synthesized nano-powders of Lu20 3:Eu3+ were 
produced from lutetium and europium hydroxide dissolved in a water solution and 
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precipitated with urea. This produced nano-crystalline powders with starting sizes on the 
order of 10 nm and did not coarsen until approximately 1000°C or exhibit good 
scintillating properties until heated to 1200°C [62]. Furthermore, densification to 
transparency of Lu20 3:Eu3+ typically requires temperatures of approximately 1750°C 
[30]. 
1.11 Problem Statement 
Cun·ent scintillators manufacturing technology meets most of the demands 
required by the applications, although with significant materials and labor costs. For 
materials such as Lu20 3, not only is the fabrication of a single crystal expensive and 
difficult, but post processing is necessary for two dimensional imaging applications 
where optical cross talk between pixels must be eliminated through pixelation. 
Fwthe1more, for a standard medical x-ray application such as dentistry, Lu20 3 can 
readily absorb >99% of x-ray radiation within 200 f1m . In order to reduce signal loss and 
improve image quality, all ceramics must be ground down to thickness and pixelated with 
a slow laser ablation process and subsequently coated with a reflective coating. 
Furthermore, certain applications, such as high resolution computed tomography (CT) 
only require thin films on the order of 10 f1m, and must be achieved through an 
alternative manufacturing technique. 
Vapor deposition processes, such as chemical and physical vapor deposition, were 
proposed as alternative manufacturing methods to produce high quality thick or thin films 
of europium doped lutetium oxide (Lu20 3:Eu3+) which exhibits excellent scintillation 
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properties for dental x-ray imaging and high resolution imaging. With careful control of 
the deposition conditions, these deposition processes could be tailored to produce the 
desired scintillation detector with little or no post-processing. Chemical vapor deposition 
is well known to have the capability of fast deposition rates over large areas with good 
control over the morphology. The deposition of Lu20 3:Eu3+ could be achieved using the 
halide vapor deposition process, whereby lutetium chloride and europium chloride vapors 
are reacted with carbon dioxide and hydrogen to form a solid transparent deposit at 
moderate temperatures. Physical vapor deposition is well known to produce high purity, 
high uniformity thin films with excellent control of the deposition morphology. Radio 
frequency magnetron sputtering using a single target of Lu20 3:Eu3+ with the desired 
composition could be deposited onto almost any substrate at low to moderate deposition 
temperatures . 
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Chapter 2 
2 Chemical Vapor Deposition 
Chemical vapor deposition (CVD) is the formation of a solid deposit through the 
chemical reaction of gaseous species. CVD is a highly versatile process employed in 
many fields of research and production where high quality films are needed. Precise 
control of the coating thickness can be achieved over large areas and produce coatings 
varying from as thin as a single atom layer up to thick coatings of several hundred 
microns. Each coating can be tailored to have the right morphology, composition, and 
other desired properties through the careful control of the deposition parameters. Since 
CVD in not a line of sight process, complex shapes can be coated with the mass transport 
of the reactants and by-products to and from the deposition areas to be the only 
significant limitation . Furthermore, since the deposition process involves a chemical 
nucleation on a surface, the adhesion of CVD coatings surpasses that of physical 
processes. 
2.1 Chemical Vapor Deposition Theory 
A CVD reaction is usually viewed as a series of steps as schematically shown in 
Figure 2.1. These steps include: (1) evaporation of precursors and transport of reactants 
near the substrate, (2) intermediate reactions, (3) diffusion of reactants through the 
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boundary layer and adsorption of the intermediate species onto the substrate surface, (4) 
homogeneous nucleation, (5) diffusion of adsorbed species on the substrate surface (6) 
single or multi-step reactions at the substrate surface including nucleation and growth, (7) 
desorption of byproduct gases from the substrate surface, and (8) transp01t of byproduct 
gases to the bulk gas stream. The deposition rate is controlled by the slowest of these 
steps. If any of steps (1), (3), (7) or (8) are rate limiting, then the deposition process is 
termed mass-controlled. If any of steps (2), (5), or (6) are rate limiting, then the system is 
termed kinetically controlled. Various deposition systems can exhibit more complex steps 
depending on geometry and type of deposition, including non-steady-state conditions 
[63]. 
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Figure 2.1 Schematic of the chemical vapor deposition process. 
2.1.1 Lutetium and Europium Vapor Sources 
(8) 
The properties of the lutetium and europium vapor sources are critical to the 
deposition process and must therefore be selected carefully. Many vapor sources are 
available for a significant number of the commonly deposited elements such as silicon, 
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aluminum, gallium, etc. Due to the chemical properties and CVD applications of rare 
earths, the number of vapor sources readily available are limited and do not typically 
exhibit the necessary properties for the deposition of highly transparent oxides. The two 
most common categories of vapor sources are organolanthanides and lanthanide-halides. 
2.1.1.1 Metal-Organic Compounds 
A common trend in the CVD community is the production of coatings usmg 
metal-organic compounds as they typically have higher vapor pressures and react at 
lower temperatures. The need to deposit at lower temperatures stems from the desire to 
reduce energy costs, limit diffusion between distinct layers, and deposit on temperature 
sensitive substrates. Organolanthanides such as tris(2,2,6 ,6-tetramethyl-3,5-
heptanedionato) lanthanoid (III), abbreviated [Ln(TMHD)3] and Lanthanoid 
tri s(cyclopentadienyl) [Ln(C5Hs)3 or Ln(CsH4Me)3], have been synthesized and explored 
as vapor deposition precursors [11 ,15,64-68]. However, commercial availability and cost 
are typically limiting factors in their applicability . 
2.1.1.2 Lutetium and Europium Halides 
Lutetium and europium halides are commercially available, readily formed from 
their oxides or can be formed in-situ from their metals . However, few exhibit the required 
melting and boiling temperatures , as listed in Table 2.1, necessary to obtain the high 
vapor pressures in the desired range of deposition temperatures . The lanthanide oxides 
readily react with hydrochloric acid (HCI) to form a lanthanide chloride hydrate 
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(LnC13.xH20). It has been shown by several researchers that without significant difficulty 
it is possible to remove all the attached water molecules without hydrolosis [69,70]. 
Alternatively , the lanthanide metals are commercially available, although at a higher 
price for lower purities, and readily form the chlorides in-situ with little difficulty. 
Table 2.1 Summary of the melting and boiling temperatures of various lutetium and 
europium halides [71 ,72]. 
Compound Melting and Boiling Special Notes Temperature (T m, T vap) [°C] 
LuF3 1182, 2200 
LuCl3 925, 750 Sublimes at 750°C 
LuBr3 1400, -
Lul3 1050, 1200 
EuF2 1416/1380, 2480 
EuF3 1276,2280 
EuCh 731 , 2000 
EuCI} 623,- Decomposes into EuCh 
EuBr2 683, 1880 
EuBr3 702, - Decomposes into EuBr2 
Eul2 580, 1580 
Eul3 877, - Decomposes into Euh 
Despite LuC13 and EuCI} being solids at room temperature, they are the only 
halides whose vapor pressures at the deposition temperatures ( -1100°C) are sufficient for 
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the CVD process [73-75]. Several researchers have experimentally measured the vapor 
pressures of the yttrium and lanthanide chlorides and determined their enthalpy of 
vaporization, as reported in Table 2.2. 
Table 2.2 Reported vapor pressure for LuCl3 and EuCh as determined by Moriarty [75]. 
Enthalpy of Vapor Pressure 
Compound Vaporization Temperature (°C) (Torr) 
LlH~98 OK (kJ/mole) 
LuCb 239.3 895 52.61 
915 89.42 
955 134.30 
EuCb 129.3 680 6.92 
780 54.49 
830 73.50 
915 85.50 
These values were later verified by Brunetti et a!. using torsion and Knudsen 
effusion methods, and compared to reported vaporization/sublimation enthalpies. The 
vapor pressures were fitted with the second and third law sublimation enthalpies, 
Equations (2.1) and (2.2). They obtained slightly more elevated standard sublimation 
enthalpies of 288 ± 6 kJ/mol for LuCb [76]. The rate of vaporization can therefore be 
approximated using Equation (2.3) [77 -79]. 
(~Hvap) Pvap = k·exp (2.1) 
~Ho Iog(p) = k- zgs OK 
T 
(2.2) 
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Rvap = (Pvap- Ptotal) J Z:;IT (2.3) 
Several authors have repo1ted the formation of monomers, dimmers and even 
(LuCh)n species where n = 1 to 6. Brunnetti et a!. report that species with n = 1 and 2 
species are the most dominant, with Lu2Cl6 consisting of as much as 20% of the total 
vapor pressure at 1000 K [76,80-83]. 
2.1.2 Halide Vapor Phase CVD 
The overall chemical reaction Equation for the co-deposition of Lu20 3:Eu3+ is 
shown in Equation (2.4), which is a combination (2.5) and (2.6). It is important to note 
that Eu20 3 does not form a compound with Lu20 3 but rather a complete solid solution. 
(2-2x)LuC13(g) + (2x)EuCh(g) + 3C0z(g) + 3Hz(g) = 
(l-x)Luz03(s) + (x)Euz03(s) + 3CO(g) + 6HCl(g) 
(2.4) 
2LuC13(g) + 3C02(g) + 3Hz(g) = Lu20 3(s) + 3CO(g) + 6HCl(g) (2.5) 
2EuCh(g) + 3COz(g) + 3Hz(g) = Euz0 3(s) + 3CO(g) + 6HCl(g) (2.6) 
The Gibbs free energy of reaction (.0.Greaction) for the individual Equations (2.5) 
and (2.6) were calculated using the HSC™ thermodynamic software and obtained 
reaction energies of -439 kJ/mol and -170 kJ/mol, respectively, at 1000°C. Although this 
difference in free energy could result in a variance of driving forces for the formation of 
Lu20 3 and Eu20 3, it is most likely acceptable in this study as low amounts of Eu are 
desired in the coating. Furthermore, BCC Lu20 3 is the most stable compound and phase 
at all temperatures and pressures considered. Eu20 3 has been reported to form alternative 
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phases and compounds under reducing or elevated temperature conditions, such as EuO. 
However, due to the physical and chemical similarity between Lu and Eu atoms, the low 
Eu concentration and the complete solid solubility, it is believed that Eu20 3 will be 
formed in solution with Lu20 3. 
2.1.3 CVD Process Variables 
2.1.3.1 Momentum and Chemical Boundary Layer 
In a chemical process, a reaction occurs on a surface depleting the chemical 
species and creates a chemical boundary layer, which is defined as the distance above a 
surface at which the chemical composition is equal to the bulk gas. This is assuming that 
the surface concentration is equal to zero based on the principle that all species 
instantaneously react upon reaching the surface. The chemical and momentum boundary 
layers , De and 0 respectively, are closely related and the ratio of the two terms is described 
by Schmidt's number (Sc) : 
!5 f1 Sc =-=--!5c p. D (2.7) 
where D is the diffusivity, fl is the dynamic viscosity of the gas mixture and 0 is the gas 
density. Assuming a Schmidt number of unity, the momentum boundary layer '0' and 
hence also the chemical boundary layer, created by the gas flow over a flat plate, can be 
described using Equation (2.8). If we then replace density, we obtain the relationship 
between the boundary layer and the pressure 'P' and temperature 'T' . 
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__ loRL _lo~R·T·L o-- ----
3 · Vel 3 P · M · Vel (2.8) 
Where ReL is the Reynolds number, M is the molar mass of the gas, R is the gas constant, 
Ve1 is the gas velocity and x is the position along the plate. The average boundary layer 
can be calculated simply by replacing the position with the total length. It must be noted 
that for a tubular flow , when the Reynolds number is greater than 2100, the flow is 
typically considered to be turbulent [78,79]. 
For a flow perpendicular to the plate, referred to as a stagnant point flow, the 
boundary layer thickness does not vary along the radial direction. If we assume the 
velocity profile to follow Equations (2.9) and (2.10), then the boundary layer thickness 
can be expressed by Equation (2.11). Since 'a' is a constant, we can express the boundary 
layer thickness by means of Equation (2.12) [84]. 
U =ax; V = -ay 
u = xf(y); v = -f(y) 
~ jf; ~R·T o = rJo = 2.4 - = 2.4 - = 2.4 a p·a P·M·a 
(2.9) 
(2.10) 
(2.11) 
(2.12) 
The solution to the stagnant point flow is a non-linear differential Equation and 
cannot be solved in closed form but can be solved numerically. However, for the purpose 
of this work, we simply need to understand the relationship between the boundary layer 
and the process parameters. 
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2.1.3.2 Diffusion of Species 
The flux of species 'Ji' through the boundary, which is directly proportional to the 
deposition rate in a mass transfer limited process, can be described using Fick's 1st Law: 
Pb · -P . X · -X . RM ex: r _ -v.. .L s.L _ -v. . b,t s .t 
L - LJ 8 . R . T - L] 8 . p . R . T (2.13) 
where D ij is the diffusivity of the reactant 'i' through gas 'j' , and Pb,i and P s,i are the bulk 
and substrate parti al pressures of species 'i' [85]. The diffusivity of individual species in 
a chemical vapor reaction process is critical but non-trivial and requires several 
assumptions, however, several trends can be obtained from theory, which are described in 
detail in the Appendix Section A.l.2. 
2.1.3.3 Reaction Rate 
The rate of nucleation has been determined to follow an Arrhenius relation with 
temperature, as described by Equation (2.14), when in a kinetically controlled regime. 
Furthermore, the individual partial pressures gas exponents can be determined about a 
single composition in a small temperature range. It is important to note that the activation 
energy is strongly dependent on the deposition rate limiting component, such as whether 
the rate limiting component is the addition of C02 or H2 gas. 
(2.14) 
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2.1.3.4 Growth Modes 
Heterogeneous nucleation is the formation of a grain of radius r*, but with a 
volume less than 4/37r(r*i , on a surface as a result of surface and volume free energy 
minimjzation . The contact angle between the heterogeneously nucleated grain and the 
surface depends on the different surface energies involved. Frank-van de Merwe (FM) 
type growth is the consequence of a low surface energy at the coating-substrate interface 
and results in planar growth, yielding flat surfaces. Volmer-Weber (VW) type growth is 
the outcome of a high sutface energy at the coating-substrate intetface, resulting in a 
growth mechanism that attempts to minimize free energy by forming islands and growing 
vertically, resulting in columnar growth. Stranski-Krastanov (SK) growth begins as FM 
growth, however, as a result of any number of growth factors, such as stress, islands 
begin to form , resulting in columnar growth [86] as schematized in Figure 2.2 (A). The 
effect of super-saturation and deposition temperature is schematized in Figure 2.2 (B), 
whereby at low super-saturations or high temperatures, epitaxial growth can occur where 
the ratio of diffusivity to the deposition flux is high. As the super-saturation increases or 
the temperature decreases, this ratio is decreased, resulting in growth morphologies 
evolving from epitaxial deposition towards whisker growth, dendrites, poly-crystals and 
eventually amorphous deposits. 
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Figure 2.2 (A) Growth modes in vapor deposition processes. (B) Effect of super-
saturation and temperature on the structure of vapor deposited materi als [87]. 
2.1.3.5 Homogeneous Nucleation 
Deposition conditions can result in two forms of nucleation; homogeneous or 
heterogeneous. Homogeneous nucleation is the formation of a solid in the gas phase and 
is almost always undesirable. This will occur at high super-saturation, temperature or 
pressure. Homogeneous nucleation occurs when the driving force is sufficient to form 
critically sized nuclei in the gas phase. Such driving forces are dependent on the system 
and have been reported to be substantial for systems such as Alz03 at temperatures above 
1000°C [88]. Gas phase nucleation can also be the result of heterogeneous nucleation on 
particulates in the gas. 
2.1.4 Summary 
A CVD process is typically kinetically limited at low temperatures and becomes 
mass transfer limited at higher temperatures until the deposition rate decreases due to gas 
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phase nucleation . When plotting the natural log of the deposition rate with the inverse 
temperature (lnR vs. 1/T), the characteristic graph is schematically shown in Figure 2.3. 
The substrate deposition rate, RTotai, can therefore be described by Equation (2.15), where 
RK, RM and RH refer to (1) kinetically controlled rate Equation (2.16), (2) mass controlled 
rate Equation (2.17) and (3) homogeneous nucleation rate Equation (2.18), which is 
subtracted from the substrate deposition rate. 
cr:: 
c 
(2) 
1/T 
( 1) 
Figure 2.3 Schematic of the typical progression of deposition rate with temperature. 
1 1 1 1 
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(2.15) 
k ( Ea) pnl pn2 pn3 pn4 pnS RK = 0 • exp - RT . LuCI 3 . Hz • CO z • HCI • co (2.16) 
M 112 1 3/2 
R <X - D · · (xb · - x ·) · (-) · (-) M tm , l s, t . p R . T (2.17) 
R k . (- Ea,H). pnl,H . pn2,H . pn3,H . pn4,H . pnS,H H <X O,H exp R . T LuCI3 Hz COz HCI co (2.18) 
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2.2 Chemical Vapor Deposition Experimental Results 
2.2.1 General CVD System Design 
The CVD system chamber consisted of a quartz tube having a 76 mm outside 
diameter, with stainless steel end-caps, multiple gas inlets and a 19 mm exhaust tube. The 
gas flows are controlled using MKS 1179 and 1479 mass flow controllers (MFC) for inert 
and reactive gases respectively, which are managed by a MKS 647C multi-gas flow 
controller. The vacuum was pulled using a BOC Edwards DP40 dry pump and can be 
isolated from the chamber with a valve directly prior to the pump. The pressure was 
measured using an MKS 627B 1000 Torr Capacitance Manometer, placed immediately 
after the chamber on the 19 mm exhaust tube. The pressure was controlled using an MKS 
146C pressure measurement and control system, with a nitrogen flow control valve 
placed downstream prior to the constricted valve at the pump. 
2.2.2 Inductively Heated CVD 
2.2.2.1 System Design 
Two major components; the LuCh and EuC13 generator, and the substrate, were 
heated with graphite susceptors using an induction coil. The induction coil was a - 9 mm 
diameter water cooled copper coil with 10 turns that spanned approximately -25 em 
vertically and was powered by a Lepel 3 kW induction unit. All the graphite susceptor 
parts had the same diameter so as to be exposed the same amount of EMF energy and 
were placed so as not to extend beyond the ends of the coil. Depending on the frequency 
of the induction coil current, the penetration depth of the EMF varies; low frequencies 
33 
penetrate quite deeply, while at high frequencies have a very small penetration depth . The 
Lepel induction heating unit operates at a frequency of 450 MHz, which is considered as 
high frequency and results in a relatively thin heated surface, relying mostly on bulk 
conductivity to heat uniformly. Both the substrate and the LuC1 3/EuC13 generator 
temperatures were measured with K-type thermocouples embedded in the graphite parts 
to shield them from being heated inductively. 
The precursors were generated using Ch diluted with Ar as a carrier gas, which 
were passed through lutetium and europium chunks or powder at elevated temperatures; 
typically 950 to 1050°C, to generate the LuCh and EuCh vapors. All gases were 
subsequently mixed several inches from the substrate by angling the LuC13 and Ar gas 
flows inwards towards the central gas flow, which consists of C02 and H2. 
2.2.2.2 Deposition Rates 
Initial experiments were performed at a substrate to outlet separation of -32 mm 
and at temperatures ranging between 950 and 1050°C. Beyond 1050°C, the graphite 
components react violently with the C02 gas, altering the substrate gas composition 
substantially from the input and making any correlations difficult. After minimal 
optimization, the deposition parameters listed in Table 2.3 were chosen as the basis for a 
matrix of deposition parameters. Several factors must be considered when interpreting the 
deposition rate data, namely the amount of Clz that reacted with Lu and Eu, which 
averaged approximately 32% with a standard deviation of 8% between experiments. This 
was due to a combination of slow kinetics, limited surface area and poor gas interaction. 
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In addition, a large amount of reaction between the gases and graphite changes the 
deposition gas stoichiometry significantly. Furthermore, the LuC1 3 and EuC13 gases react 
immediately upon mixing, prior to the substrate, causing the deposition stoichiometry to 
change even further. 
T bl 2 3 L" f a e . tst o stan d d d ar h epostttOn mput parameters c osen f h or t e matnx. 
Temperature 1000°C Ar Flow (pAr) 720 seem ( -17 Ton) 
Pressure 75Ton Ch Flow (pCh) 6 seem (-0.14 Ton) 
Total Flow Rate -3 slm C02 Flow (pC02) 400 seem ( -9.6 Ton) 
Separation -31 mm H2 Flow (pH2) 2000 seem ( -48 Ton·) 
As a result of the variance in the Cl2 consumption, adjustments were made to 
normalize the Lu20 3 deposition rate to the amount of LuC1 3 supplied. The deposition 
rates were divided by the Cl 2 consumption efficiency '0', such that a deposition rate with 
low Cl2 consumption has an increased effective deposition rate. For example, if at 9 seem 
of Ch, only 43% of the Cl2 was consumed and the actual deposition rate was 1.80 11m/hr, 
the adjusted deposition rate would be 1.80 wnlhr I 0.43 = 4.2 wnlhr. This adjustment 
assumes a linear relationship between the LuCh input and deposition rate. An adjustment 
was also performed for the partial pressure pLuCb, where pLuCI 3 = 0.75 · · pCI 2 . The 
original graphs, Figure 6.2 and Figure 6.3, for the deposition rate are given in Appendix 
Section A.2.1. The deposition rate and partial pressures dependencies, as described in 
Equation (2.16), appear to be nl - 2 for LuCb and n3 - 2 for C02 for low partial 
pressures of LuCh. These are similar to the values determined by Sipp et al., where 
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n1(YCI 3) = 2, n2(H2) = 2, n3(C02) = 1, n4(HCI) = 0 and no examination of CO was 
performed [55] . The deposition rate appears to be decreasing with increasing 
temperature, which could be indicative of a mass transport limited scenmio or an increase 
in homogeneous nucleation. Since the system was designed with a bottom-up gas feed, 
little to no homogeneously nucleated material would deposit on the substrate and 
therefore no evidence of homogeneous nucleation could be detected other than powder 
deposits on the base of the reactor. 
2.2.2.3 X-Ray Diffraction Analysis 
The X-ray diffraction (XRD) patterns of the deposited thin films were an 
important analytical tool to help us understand the effect of the deposition conditions and 
the resultant thin film properties. All XRD patterns were performed using locked coupled 
(0- 20) scans over the range of 10 to 90 degrees (20). The X-rays were generated using a 
copper source, excited at 40 kV and 40 rnA. The XRD patterns for key deposition 
conditions are given in Figure 2.6. The remaining XRD patterns are similar to the 
reference XRD pattern in Figure 1.1 and can be considered randomly oriented. The key 
information obtained from Figure 2.6 is the increase in the ratio of the (400) to (222) 
peaks , noting that the (400) orientation appears to be the preferred growth orientation 
under many of the deposition conditions. 
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Figure 2.6 XRD patterns for coatings deposited at various C02 partial pressures at a 
deposition temperature of 1000°C, a separation of -31 mm, a total pressure of 75 Torr, 
pCh - 0.04 Ton·, and pH2 - 48 Torr. 
Several depositions were also performed at a substrate to outlet separations of -76 
mm, a deposition temperature of approximately 1050°C, a total flow rate of 
approximately 2.4 slm and a total pressure of 75 Torr, with pattial pressures of 
pLuCI)(adjusted) < 0.01 Torr (pCh(input)- 0.19 Torr), pAr- 25 Torr, pC02 - 9.9 Torr 
and pH2 - 40 Ton·. These experiments consumed only 1-5% of the Cb, however, 
generated deposition rates of approximately 0.5 1-!rnlhr and produced a highly { 100}-
01iented growth, as visible from the XRD pattern in Figure 2.7. If the efficiency 
adjustment was applied to the deposition rate, the adjusted deposition rate would be - 15 
1-1mlhr. 
38 
2000 
-
(/) 
....... 
c 
::::s 
0 
0 
-» 1000 
-"ii) 
c 
Q) 
-c 
0 
(400) 
20 40 
2Theta 
60 
(800) 
i 
80 
Figure 2.7 XRD pattern for the coating deposited at 1050°C, a total flow of 2.4 slm, a 
separation of -76 mm, a total pressure of 75 Torr, with pmtial pressures of pCh - 0.19 
Ton, pC02 - 9.9 Ton· and pH2- 40 TOIT. 
2.2.2.4 Scanning Electron Microscopy 
The scanning electron micrograph (SEM) images of the coatings shown in Figure 
2.8 (A,C) correspond to the XRD patterns in Figure 2.6 (B), and Figure 2.8 (B,D) 
conespond Figure 2.6 (C). The morphology of the two deposits appear to have 
characteristic { 100 }-oriented grains with a kjnetic Wulff factor between 1.25 and 1.5, as 
described in Figure 1.4, with presumably {110} or {111} facets. The growth appears to 
continuously re-nucleate to form a columnar stack of { 100} aligned grains. 
The SEM images in Figure 2.9 conespond to the XRD pattern in Figure 2.7. The 
morphology is that of a highly oriented dense columnar growth of { 100 }-oriented grains 
resembling a kinetic Wulff factor of 1. The columnar grains appear to have rough facets, 
potentially indicating a stacked growth such as those visible in Figure 2.8, however, 
fractured columnar grains appear dense. 
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Figure 2.8 SEM images of the top surface (A,B) and cross section (C,D) of CVD 
coatings that correspond to XRD patterns in Figure 2.6. Figure 2.6 (B) corresponds to 
SEM images (A) & (C) and Figure 2.6 (C) corresponds to SEM images (C) & (D). 
Figure 2.9 Top surface (A) and cross section (B) images of a coating which corresponds 
to the XRD pattern in Figure 2.7. 
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2.2.3 Hot Wall CVD 
2.2.3.1 System Design 
The hot wall design was almost identical to that of the cold wall system with the 
distinction of all parts being made entirely of high purity alumina rather than graphite and 
the gas being fed from the top-down. The Ar and Ch gases were fed through a central 
alumina tube and the C02 and H2 were fed separately at the end-cap. The central alumina 
tube consisted of two parts, an upper -19 mm outer diameter, (with a -13 mm inner 
diameter) and a -25 mm outer diameter, (with a 19 mm inner diameter). The tubes are 
held together with an Aremco 552 Ceramabond alumina seal, which although porous, is 
dense enough to direct gas flow. Within the alumina tubes was a -6 mm diameter 
alumjna tube with a ceramic coarse filter ceramic bonded at the end with graphite felt , 
which was placed on top as a fine filter. The Lu and Eu powder was placed on the 
graphite felt. The position of the -6 mm alumina tube could be adjusted to control the 
temperature at which the powders are reacted with Ch. The average temperature of the 
metal powder was approximately 1000°C in order to maintain a high metal-halide vapor 
pressure whilst minimizing sintering. Sintering to the point of restricting gas flow is 
unfortunately difficult to inhibit and causes the experiment to be aborted. The typical 
reaction efficiency between the C)z and metal powders was between 80 and 100%. Most 
experiments were performed with only Lu metal to reduce the complexity of the system. 
Once the C)z reacted with the metal powder to form the halides, the resulting gases 
exiting the 25 mm tube, the gases were mixed with C02 and H2 approximately 100 mm 
from the substrate. This design has several advantages over the cold wall system; the high 
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pmity alumina is extremely inert and did not react with any of the gases. Only a minimal 
reaction with the Lu and Eu metals was visible in the presence of Ch gas . 
2.2.3.2 Deposition Rates 
It is note-worthy, that upon mixing at the alumina tube outlet, an instantaneous 
reaction occurs between the LuCb, C02 and H2 gases and creates a pre-nucleation site 
and source of powder formation. The gas temperature is significantly higher than in a 
cold wall system and a noticeable increase in homogeneous nucleation was observed. As 
a result, the deposition pressure was significantly reduced to minimize gas phase 
interactions and decrease powder formation. Additionally, the ratio of C02 to LuCI 3 was 
kept fixed at 15:1, equivalent to a pC02 - 3.2 Torr, for a total pressure of 75 Torr, which 
was significantly lower than the cold wall pressures and consistent with ratios reported by 
Sipp et al. for the YCb-C02-H2-Ar system [55]. The deposition rates were obtained for 
multiple deposition temperatures and pressures with all other input parameters kept 
constant. The input flow values are Ch = 6 seem, Ar = 300 seem, C02 = 60 seem, and H2 
= 1040 seem for a total flow of approximately 1.4 slm. 
From Figure 2.1 0, the activation energy for reaction described in Equation (2.5) 
can be obtained by linearly fitting the natural log of the deposition rate to the inverse of 
the absolute temperature. The gradient yields the value of Ea!R, which for 10 Torr and 
yielded a value of approximately 170±4 kJ/mol, compared to 616 kJ/mol reported by 
Sipp et al. [55]. It is important to note that the activation energy is specific to the 
deposition parameters and system design and therefore difficult to directly compare. 
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For the 1050 and 1100°C depositions, the trend of increasing pressure, as 
displayed in Figure 2.11, exhibited an expected increase in deposition rate. This 
continued with the exception of a temporary drop in deposition rate for 1100°C at 20 
ToiT. After 20 Ton· the deposition rate continued to increase until it reached a peak at 30 
Ton and rapidly decreased with increasing pressure. At 1150°C, the deposition rate 
decreased with increasing pressure, indicating a different control regime than at 1050 and 
1100°C. 
2.2.3.3 X-Ray Diffraction Analysis 
The XRD patterns generated for the various deposition conditions explored are 
shown in Figure 2.12, Figure 2.13 and Figure 2.14 with the (222) and (400) peaks 
labeled. As in the case of the cold wall deposition, a clear orientation preference was 
visible however instead of the { 100} o1ientation, the { 111} orientation appeared 
dominant. Analysis of the peak intensities as a function of pressure and temperature 
revealed a definite trend between the orientation preference and the deposition conditions 
as shown in Figure 2.15 and Figure 2.16. The orientation appeared to be predominantly 
{ 111} at lower temperatures with the texture decreasing dramatically with increasing 
deposition temperature. The increase in the (222) peak intensity as a function of 
decreasing deposition temperature was potentially a key indicator of the increasing 
importance of surface energy minimization, presumably due to growth stresses. In the 
case of increasing pressure, the orientation preference increased until 10 Ton, flattened 
and suddenly dropped to what can essentially be considered as completely randomly 
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miented. This would be typical of a shift in nucleation from heterogeneous, to 
homogeneous as one would expect when increasing the deposition pressure. 
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Figure 2.10 Arrhenius plot of ln(R) vs. liT for hot wall deposition conditions explored. 
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Figure 2.11 Deposition rate for various temperatures and total pressures. 
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Figure 2.12 XRD patterns for various pressures, deposited at 1050°C. 
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Figure 2.13 XRD patterns for various pressures, deposited at 1100°C. 
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Figure 2.14 XRD patterns for various pressures, deposited at 1150°C. 
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2.2.3.4 Scanning Electron Microscopy 
The SEM images of coatings deposited under the various conditions are shown in 
Figure 2.17, Figure 2.18, and Figure 2.19. At 1050°C, the low pressure deposits had the 
characteristic flat topped equilateral triangular shaped { 111 }-oriented grains . As the 
pressure was increased to 20 Torr, nucleation became partially homogeneous as 
evidenced by the top powdery appearance with a crystalline under-layer. At 1100°C, the 
lower pressure deposits appeared typical of the { 111 }-oriented growths and became 
progressively randomly oriented grains with increasing pressure. The initial decrease in 
deposition rate, noted at 15 Torr and ll00°C, appeared to be a change in the deposition 
mechanism towards homogeneous nucleation . This can also be inferred from XRD 
patterns in Figure 2.13 from the identical intensity of the (222) peak at 10 and 15 ToiT, 
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Figure 2.17 Top surface SEM images of thin films deposited at 1050°C at various total 
pressures: (A) 5, (B) 10, (C) 15 and (D) 20 Torr. 
and the emergence of the (400) peak at 15 Torr. At 20 Torr, the ratio of the (222) to the 
(400) indicated a partial preference towards the { 100} orientation. At 30 Torr, the 
nucleation clearly switched to homogeneous nucleation as noted by the nano-sized 
pmticulates. As the pressure is further increased, the homogeneous nuclei attained larger 
sizes and presumably had a lower sticking coefficient, explaining the reduced deposition 
rate. At 1150°C, the XRD patterns in Figure 2.14 would have suggested a powder 
deposit, similar to Figure 2.18 (E) or (F), however, the SEM images shown Figure 2.19 
clearly indicated a dense crystalline growth. In Figure 2.19 (B), there appeared to be 
more { 100 }-oriented grains rather than { 111}, assuming that the pyramidal idiomorph 
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corresponds to the { 100} orientation. However, the XRD pattern in Figure 2.14 affirmed 
that no orientation preference existed and the growth was completely random. Such a 
growth would suggest that stresses were minimal and the surface energies had attained 
the critical temperature at which all surface energies homogenize [89]. 
t-- 41lm --1 
Figure 2.18 Top surface and fractured cross section SEM images of thin films deposited 
at 1100°C at various total pressures: (A) 5, (B) 10, (C) 15, (D) 20 (E) 30 and (F) 40 Torr. 
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Figure 2.19 Top surface SEM images of thin films deposited at 1150°C at various total 
pressures: (A) 5 and (B) 10 Torr. 
2.2.4 Emission Properties 
The co-deposition of Lu20 3 and Eu20 3 (Figure 2.9) was performed by mixing 
small quantities of europium metal with the lutetium metal and depositi!lg at the pre-
optimized conditions. The emission spectrum was measured using both cathode-
luminescence (CL), i.e. the electron beam source of the SEM, and a copper (Cu) x-ray 
source. The electron beam was excited to 15 kV and measured with a Gatan CL2 
spectrometer. The x-rays were generated with 40 kV, 20 rnA Cu X-ray source, and the 
spectrum was measured with a photomultiplier tube PMT C31034. The CL spectrum, 
given in Figure 2.20, indicated stronger than expected peaks in the 500 to 575 nm range, 
which correspond to the secondary Eu3+ transitions that are typical for low concentrations 
of Eu3+ , which was confirmed with energy dispersive (EDS) measurements [25]. 
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Figure 2.20 CL spectrum of the as-deposited CVD thin film deposited in Figure 2.9. 
2.3 Summary 
The CVD process we developed proved the ability to produce dense thin films at 
moderate deposition rates with various orientation preferences that were strongly 
dependent on the deposition conditions. Low deposition temperatures produced the most 
oriented deposits, probably due to the increased importance of surface energies in the 
presumably kinetically limited system. Under such conditions, the CVD system was 
capable of producing phenomenal growths, such as those shown in Figure 2.21, which 
grew at approximately 50 11mlhr and displayed incredible orientation specific lamellar 
growth. Such a growth emerged in the cold wall system at 1000°C, 75 Torr and a 76 mm 
separation with partial pressures of pLuCh = 0.08 Torr (pCh,input = 0.15 Torr), pC02 = 
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11.2 Ton, pH2 = 41.2 Ton. At various sites throughout the substrate, abnormal growths 
of up to several hundred microns emerged. These growths, with longitudinal growth rates 
of up to 50 f.!m/hr, could have nucleated on surface contaminants or precipitates in the 
amorphous quartz substrate, which otherwise produced what could be described as 
cauliflower growths. The overall shape of the growth is that of a typical pyramidal (100) 
growth and with physically distinct outward plate-like growths. The magnified images in 
Figure 2.21 (B), (D) and (C) were taken at the beginning, middle and end of the structure, 
respectively. It can be infened that the growth nucleated initially in the gas phase, 
deposited, then subsequently aligned itself and sintered. This can be interpreted from the 
powdery tip and the dense base, which suggests that sintering occuned. Alternatively, the 
growth could have been continuously re-nucleating at a rapid rate, giving it a powdery 
appearance. The alternative explanation would be that conditions changed during 
deposition and produced a dense initial growth that became progressively more powdery. 
An imp01tant consideration in the interpretation of the deposition conditions is the 
modeling results , which are given in Appendix Section A.l.3, that indicated that in the 
cold wall system, the gas can cool down to approximately 300°C. At such a temperature, 
any LuCb or EuC1 3 gaseous species could begin to re-condense into a liquid or solid 
which could result in the powdery appearance. Furthermore, the amorphous quartz 
substrate can be assumed to be a poor nucleating surface based on Figure 2.22 and Figure 
6.4, which could result in sites nucleating significantly earlier to grow faster relative to 
others. 
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Figure 2.21 Abnormal growth during deposition in the cold wall CVD system. 
Figure 2.22 Low magnification top surface SEM image of the hot wall CVD coating 
from Figure 2.19 (B) deposited at 1150°C, 10 Torr. 
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The driving forces for one particular growth direction over the other were not 
readily identifiable, however, it became evident that surface energies could drive one 
orientation to grow significantly faster than another and result in highly oriented growths. 
As the temperature was increased, the differences in surface energies decrease resulting 
in a randomly oriented growth . The substrate is well known to drastically affect the 
homogeneity of the deposit and plays an important role in the nucleation morphology and 
rate. 
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Chapter 3 
3 Physical Vapor Deposition 
Physical vapor deposition (PVD) is the vaporization of a target material and 
subsequent deposition onto a substrate through physical means. The vap01ization is 
achieved through the physical bombardment or thermal vaporization of the target 
material to overcome the surface binding energy. The physical bombardment typically 
refers to sputtering, where heavy ions are accelerated towards the target and eject 
individual atoms or clusters. Alternatively, thermal vaporization can be achieved with 
several methods such as an electron beam (e-beam), or a high intensity pulsed laser 
(PLD). The focused e-beam, or laser, heat a point on the target which can attain a 
temperature on the order of 4000 K, overcoming all binding energies and vaporizing the 
target material. 
3.1 Sputter Deposition Theory and Process 
Sputtering is vacuum process that is typically performed under vacuum 
conditions; on the order of 1 - 100 mTorr. Sputtering involves the ionization of a gas by 
biasing the target negatively (cathode) and having a positive or grounded surface (anode). 
The ionized gas, which is typically positively charge, is accelerated across the plasma 
sheath towards the negatively biased target, impacting the surface with up to several 
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thousands of electron volts of energy. The impacts generate a plume of ejected material 
that is deposited on the opposing substrate surface. 
3.1.1 Radio Frequency Magnetron Plasma 
There is a significant difference between plasma that is generated using a DC 
voltage to that generated by a radio frequency (RF, 13.54 MHz) voltage, which is 
typically used for insulating targets. The voltage is varied sinusoidally to produce a net 
zero DC current and avoid charge buildup on the target. The high frequency voltage 
variation occurs fast enough such that the heavy gas ions are essentially unaffected 
because of their mass and only the light electrons are accelerated by the voltage 
variations. However, the target (cathode) naturally develops a negative bias in order to 
maintain a net zero current, due to the current-voltage characteristics of the plasma-target 
system, and thus accelerates the heavy ions towards the time averaged negatively biased 
target. The magnetic field of the sputtering gun is designed to concentrate the electrons in 
a ring shape above the target and increase the electron-gas interactions and thus the ion 
density; increasing the ion flux towards the target. As such, the plasma, once initiated can 
be maintained at very low pressures; as low as -1 mTorr [90] . The width and voltage 
gradient of the sheath also plays an important role in determining the energies of the 
accelerated ions. Many papers have attempted to describe with simplicity the energy 
distribution for the complex plasma system and several have derived simple explanations. 
The energy of an accelerated argon ion can be calculated using the difference between the 
time averaged cathode and plasma voltage, as described by Equation (3 .1). This assumes, 
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for simplicity, a collision-less acceleration towards the target, which is not always true, 
especially for higher pressures [91] . It has also been reported, contrary to Equation (3.1), 
that "the average ion energy depends on the time average potentials difference, and that 
the maximum ion energy is dependent on the value added to one-half of the peak-to-peak 
RF excitation voltage and the self-biased de voltage" [92]. The combination of energy 
and flux of ions produces a relatively linear relationship with the total sputtering rate. The 
flux of ions flux towards the substrate is said to follow Child-Langmuir theory, as stated 
by Equation (3.2). The ion flux towards the target is approximately proportional to the 
electric current, Equation (3.3), of the applied RF power [93]. 
(3.1) 
(3.2) 
I = (PForward - PReflected) 
e Vc ·sin() (3.3) 
where Yr and Yc are the time averaged plasma and cathode potentials, respectively, and, 
q is the ion charge where q = ne, and n is the ionization number and e is the charge of 
the electron. h is the ion cuiTent, d is the sheath thickness, mi is the ion mass, and Eo is 
the electrical pennittivity in vacuum. Equally important is the sputtering species, which 
according to Coburn et a!., have recorded significant concentrations of not only Ar+ but 
also doubly charged Ar2+, which would double the energy of impinging argon ions [94]. 
Furthermore, the complexity of the plasma is increased by the introduction of a 
magnetic field. The magnets within the target can be arranged in several manners 
depending on the type of material being sputtered. There are two main magnet 
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configurations; balanced and unbalanced, where the unbalanced is typically chosen due to 
the increased deposition rates and the electron flux away from the target, characteristic of 
the unbalanced magnetic field lines . This generates what appears to be a plasma stream 
away from the target which is generated by the "lost" electrons moving in the direction of 
the diminishing magnetic field. The flux of electrons can sometimes attain energies of up 
to 25 eV at 1 mTorr and decrease with increasing pressure [95-98]. 
3.1.2 Sputtering Mechanism and Yield 
The sputtering process is a complicated process that depends strongly on the 
target material (mono-atomic, multi-component or compounds), crystallographic 
mientation , roughness, incident ion energy and angle, and many other factors. A large 
amount of data collection and analysis has been performed in order to analytically fit and 
desc1ibe the sputtering process. Two categories of sputtering mechanisms have been 
identified which COJTespond generally to a relatively light ion impacting a surface versus 
a relatively heavy ion . The relatively heavy ion impacts the target surface and deposits all 
of its energy near the surface and produces a collision cascade that results in the ejection 
of target atoms from the surface. This mechanism has been referred to as mechanism I. In 
mechanism II, a relatively light ion, which does not possess enough energy to generate a 
collision cascade penetrates the target and reflects off inner target atoms to subsequently 
hit near-surface atoms. Sputtering occurs if the subsequent impact transfers enough 
energy to the near-surface atom to overcome the surface barrier. Argon ions have been 
reported to be of intermediate mass and produce a combination of both mechanisms [99]. 
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(I) (II) 
Figure 3.1 Schematic diagram of the sputter mechanism illustrating the heavy IOn 
bombardment (Mechanism I) and the light ion bombardment (Mechanism II) [100] . 
The sputtering yield 'Y' is a strong function of the ion energies and the binding 
energy of the target material. The sputtering yield has been the subject of intense research 
and many Equations have been derived to generate a general Equation capable of 
predicting the yield of various materials . Equation (3.4) was derived by Yamamura et al. 
and is intended for predicting the sputter yield of metallic targets [101]. Where E is the 
projectile energy, M 1 and M2 are the masses or the projectile and ejected atoms in atomic 
mass units, respectively , Us and E1h are the binding and threshold energies of the target. 
Q(Z2) , Sn(E), 0, 0* are all dependent on the mass and atomic numbers of the target and 
sputter gas , as well as some experimentally determined fitting variables. All of the 
dependents are described further in Appendix Section A.3 .1. Typical sputter yields as a 
function of energy are given in Figure 3.2 for Ar and Cu. One important observation is 
the approximate linearity of the sputter yield over a relatively large range of energies, 
which are similar to those involved in sputtering. 
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Figure 3.2 Sputtering yield of Cu as a function of the energy of Ar+ at normal incidence 
with the theoretical yield calculated using the SRIM code. Emphasis is placed on the 
linearity in the 200 to 700 e V range [90,99]. 
3.1.3 Sputtered Species 
Ionic materials, especially with volatile species such as oxides, have been 
reported to have larger sputtering yields than expected. This was attributed to the 
electronic excitation of ionic lattice and the subsequent desorption of species [102-105]. 
Coburn et a!., as well as Westwood, have reported the ratio of MO to M species for 
metal-oxide targets to increase with M-0 bond strength and can be as high as 0.4 for 
stable oxides such as Ta20 5 and TiOz. During the deposition of Y20 3-Sb20 3, species of 
Y, YO, Sb, and SbO were measured, however, the Y20 3 and Sb20 3 exceeded the mass 
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range of the detector and are therefore not known [94]. Therefore, a likely scenario for 
the sputtering of Lu203 is the formation of Lu and LuO species and desorption of oxygen. 
3.1.4 Mean Free Path 
The mean free path of an atom in an ideal gas can be defined by Equation (3.5). 
The Equation is generalized, as given in Equation (3.6), to account for differences in the 
size and mass of the sputtered particle and sputtering gas by having a generalized cross 
section term 'D' [106]. 
(3.5) 
(3.6) 
where k8 is the Boltzmann constant, R is the gas constant, NA is Avogadro's number, T 
the temperature, p the pressure and D is the collision cross section. The adjusted collision 
cross section is now modified as such; 
(3.7) 
where r5 , m5 , and rg, mg are the radii and mass of the sputtered particle and background 
gas, respectively. However, the mean free path of an energetic atom is larger than a 
thermalized atom and has been empirically determined to vary according to Equation 
(3.8). Plugging in Equations (3.7), (3.8) into (3.6), we obtained Equation (3.9). 
(3.8) 
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( 
E )0.29 
k8 ·T·-
A= Eo 
p. Tf. (rs + rg/. ( 1 + :;r/2 (3 .9) 
Equation (3.9) for the mean free path of a sputtered spec1es, which includes 
energetic species of varying radii and masses, can be applied to sputtered Lu and LuO* 
species in an argon atmosphere at various pressures and energies, as displayed in Figure 
3.3. This is based on the assumption that after approximately four collisions in the gas 
phase, the sputtered atom can be considered to have been "thermalized" . After 
thermalization, the sputtered species drift towards the substrate [107] . 
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Figure 3.3 Mean free path analysis of Lu and LuO* atoms sputtered with various 
energies in an argon atmosphere based on Equation (3.9). The number of collisions is for 
a target to substrate distance of Scm. These calculations assume rLu = 200 pm, rLuO* = 273 
pm, f Ar= 71 pm. 
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It must also be noted that Kumar eta!. have reported that below the thermalization 
boundary, the ITO thin films developed a (440) and (400) prefened orientation, whereas 
above the thermalization boundary a (222) prefened orientation was observed [108]. 
3.1.5 Nucleation and Growth 
A basic model for nucleation and growth of physically vapor deposited coatings 
was developed by Movchan and Demichishin which related the deposition temperature to 
the growth morphology and is depicted in Figure 3.4 [109]. It is a simple model that 
accounts for one of the most important growth parameters; the effect of surface adatom 
diffusivity in terms of deposition temperature as a ratio of the melting temperature. This 
model was developed by applying a thermal gradient across a substrate and e-beam 
evaporating various materials including; Ti, Ni, W, Zr02, Ah03 and Fe. Zone I is 
characterized by low adatom diffusivity generating a porous coating. Zone 2 is defined by 
columnar grains of increasing diameter with increasing temperature attributed to adatom 
mobilities allowing for reorganization post-deposition. Zone 3 is characterized by the 
recrystallization of the deposited material forming randomly oriented grains. 
3.1.6 Effect of Sputtered Energies on Nucleation and Growth 
Several researchers have attempted to describe the effect of energetic electrons or 
ions on the crystallization, grain growth, defect formation or the amorphization [111]. 
The most notable experiment was performed by Kaoumi et al. who studied the "thermal 
spike model", which has also been refened to as "atomic peening". The study examined 
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the grain growth of zirconium-iron (Zr-Fe) thin films under iJTadiation at room 
temperature with 1 MeV of electron iiTadiation at a dose of 80 dpa did not experience any 
grain growth whilst the Zr-Fe exposed to 600 keY Kr+ ions at a dose of -75 dpa did 
[112]. 
ZONE1 ZONE 2 
0.3 0.5 
SUBSTRATE 
TEMPERATURE (T/Tm) 
ZONE 3 
Figure 3.4 Structural zone model for coating growth developed by Movchan and 
Demchishin. [109,110] 
Seitz and Koehler [113] have attempted to quantitatively understand the effect of 
iiTadiation on the atomic diffusion and estimated the maximum radial distance 'r' that an 
atom can migrate on a sUiface as 
r 4 E 1 / 3 4 E 113 
r
5 
= (324rr) 1f 6 (Q) ~ (324rr) 1f 6 (Sk 8 Tm) (3.10) 
where E is the energy transfeiTed from the incident atom to the film, Q is the activation 
energy for adatom diffusion , and r5 is the atomic radius. Monteiro approximates the 
activation energy to be approximately equal to ak8 Tm, where 0 is a proportionality 
constant with a value of approximately 5, k 8 is the Boltzmann constant and T m is the 
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melting temperature of the material [33]. For a material such as Lu20 3, the spacing 
between lutetium atoms is typically on the order of 5 A, which if we assume is the 
minimum distance a lutetium atom needs to hop, then r = 5 A, which for r5 = 101 pm 
yields a value of r Irs = 5 [114]. According to Equation (3.10), a diffusive hop of 5 A 
requires an energy transfer from an incident atom to the film to be of approximately 75 
eV. This compares relatively well to highly energetic sputtered species varying from tens 
to hundreds of electron volts measured in similar sputtering systems. The author noted 
however that this was unlikely to be a significant contribution [91,115,116]. Furthermore, 
besides the energy transfer from the sputtered species to the thin film , a noticeable 
electron (or plasma) heating has been observed during RF sputtering, which could affect 
a thin depositing layer [117] . 
A correlation between the intrinsic stress and incident ion energy for a metallic 
film produced by ion beam-assisted deposition has been generalized. The general trend 
predicts an initial tensile stress at low energy, which increases with increasing incident 
ion energy until it reaches a maximum. Further increase in ion energy decreases the 
tensile stress until ultimately becoming compressive [33]. Furthermore, Thompson 
predicts the expected orientation as a function of thickness and strain for anisotropic FCC 
metal films on amorphous substrates. Thompson notes a transition from { 111} to { 100} 
as the film thickness increases with a certain strain. This transition is expected to occur at 
earlier deposition thicknesses with increasing strain [110] . 
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3.1.7 Adjusted Sputtering Model 
The model developed by Movchan and Demchishin, although accurately 
predicting the trend with increasing temperature, failed to account for the 'atomic 
peening ' effect that becomes increasingly important at low pressures. Thornton accounts 
for this effect by adding a transition zone, 'Zone T' , to his model in Figure 3.5, in 
between Zone I and II. This transition zone is almost nonexistent at pressures above 30 
mTorr and as pressure decreases, progressively pushes the 'Zone I- Zone T' and 'Zone T 
- Zone II ' transitions towards lower temperatures until almost completely eliminating 
Zone I [109,118]. The ratios of the melting temperature for Lu20 3 are given in Table 3.1 
as a reference for the transition temperatures for each zone. It was made clear by the 
author that the model does not accurately predict the temperature at which the transitions 
occur but rather provides an overall understanding of the zones transitions [ 119]. 
3.2 Physical Vapor Deposition Experimental Results 
The sputte1ing setup uses a single target system with an in-house manufactured 
target of Lu20 3 doped with 5 mol % Eu20 3. The individual powders were 99.995 % purity 
and were dissolved in nitric acid, precipitated with oxalic acid and decomposed in air at 
900°C to homogeneously distribute the europium. The powders were then hot pressed in 
a graphite hot press with a 50 mm graphite die with a viscous boron nitride-methanol 
mixture applied as a chemical barrier. The densification was performed at approximately 
1700°C and -55 MPa under vacuum conditions. The target was then cleaned of any 
boron nitride powder residue and annealed in air at 1300°C to reintroduce the depleted 
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oxygen and mechanically ground to dimension. The targets were then mechanically held 
to a -2 mm thick copper backing plate using Kapton ™ tape, making a total target 
thickness of -6 mm. The substrates used for deposition were amorphous quartz unless 
specified otherwise. 
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Figure 3.5 Model proposed by Thornton for sputtered 
original Movchan and Demchishin model [109,118]. 
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Table 3.1 Ratio of the deposition temperature to melting temperatures for Lu203. 
Tctep/Tm 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Tctep (°C) 3 280 556 832 1109 1385 1661 1937 2214 2490 
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3.2.1 Equipment 
The vacuum was achieved using a two stage system; roughing from atmospheric 
was achieved using an Edwards two stage pump model E2M40, and the high vacuum was 
achieved with a Helix Technology Cryo-Torr 8 vacuum system capable of 10-8 Torr. The 
vacuum chamber consisted of a glass bell jar, aluminum base with horizontal and vettical 
pmts and a high vacuum gate separating the cryo-pump from the chamber. The ultra high 
vacuum was measured with a Varian type 564 ionization gauge and sputtering pressures 
were measured with an MKS capacitance manometer model with a maximum pressure 
rating of 100 mTorr and a 0.01 mTorr resolution. A 200 seem MKS mass flow controller 
(MFC) fed argon (UHP, 99.995 %) gas directly to the sputtering gun, typically at a flow 
of 50 seem, and was controlled by an MKS 647C multi-gas flow controller. The pressure 
was controlled with an MKS 147B pressure readout and controller using the MKS 
manometer and a 50 seem argon MKS control valve placed just before the high vacuum 
gate which was constricted to raise the pressure. The sputtering gun was a 50 mm 
diameter AJA lnt A320 with a gas fed shield. The sputtering power supply was an 
Advanced Energy RFX600 with an A TX600 tuner and matching box. The sputteting 
process was controlled in the forward power mode but could alternatively be controlled 
in 'DC Bias' mode. The working distance, i.e. the target to substrate distance, can range 
from 50 mm to 200 mm and was typically kept at 50 mm . A sputtering shield was placed 
in between the target and substrate during ramp up and down (15 W increments every 5 
minutes), and during target conditioning, which consists of 30 minutes at maximum 
power. Two substrate holder setups were used; a water cooled setup or a substrate heater 
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setup with a custom boron nitride-graphite heater capable of conductively heating up the 
substrate up to 1000°C. The sputtering system is schematized in Figure 3.6, displaying 
the characteristic substrate heater design. 
3.2.2 Deposition Basics 
The default conditions for deposition were taken to be 75 W, 10 mTorr, 50 mm 
target to substrate separation, 50 seem of Argon fed directly into the target and deposition 
times were estimated to produce thicknesses varying from 2.5 to 3.0 11m unless specified 
otherwise. All conditions were varied using these conditions as the reference to obtain 
information about the deposition process variables and dependencies. The first set of 
experiments varied the deposition power from 25 W to 150 W. Depositions above 100 W 
produced a significant amount of damage to the target due to thermal gradients in the 
erosion track and blacken the target. The deposition rate appeared to be approximately 
linear in the range of 25 to 125 W with a slight decrease in the rate at 150 W, as seen in 
Figure 3.7 . The initiation of the deposition process also appears to start at approximately 
12 W. 
The drop in the deposition rate is believed to be the result of re-sputtering of the 
deposited film either from energetic sputtered particles or reflected argon neutrals from 
the target. This was visible from the thickness profile, Figure 3.8, measured using an 
optical profilometer (Zygo NewView 7000), assuming refractive index of n = 1.94 [14]. 
The thicknesses, which were approximately equal, were normalized for comparison. The 
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target erosion track profile appears to be mapped onto the deposition thickness profile, 
evidence of significant substrate bombardment resulting in re-sputtering. 
Deposition 
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Figure 3.6 Schematic of the PVD magnetron sputtering system. 
Water Cooled 
Biased Copper 
Target Holder 
The effect of pressure was also determined by varying the deposition pressure 
from 2.5 mTorr up to 40 mTorr at powers of 75 and 125 W. The trend of the deposition 
rate as displayed in Figure 3.9, indicates a similar scattering process for both powers. The 
deposition pe1formed at 2.5 mTorr and 125 W was not stable during the full deposition 
time and resulted in a slightly elevated deposition rate. 
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Altemati vely to varying the pressure, the target to substrate distance can be varied 
to observe the change in deposition rate and obtain information about the shape of the 
ejected flux. A 50 mm diameter substrate was chosen, in order to have a 1: 1 ratio, and the 
ratio of the weight change of the substrate to target was plotted in Figure 3.10 and fitted 
with Equation (3.11) with the constraint of x = 0 mm, where the ratio equals 1. The 
results yielded parameters of a = -5.319, b = 308.3, and c = 57.97 where x is in 
millimeters. From this Equation, the change in weight of the target (Equation (3.12)), and 
hence the yield (Equation (3.13)) can be estimated from the weight gain of the substrate. 
The fit of the Equation will change with deposition power and pressure since the flux 
profile changes slightly with incident argon energies and scatter. Typically the ejected 
flux angular distribution is "under cosine" for low energies and progresses towards "over 
cosine" at high energies [120]. 
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Figure 3.10 Ratio of deposited to ejected for different target to substrate separations for a 
2 inch diameter substrate and target at 50 Wand 10 mTorr. 
Percent Deposited= exp (a+ (x! c)) (3 .11) 
LlgTarget = ( b ) 
rlexp a+ (x +c) 
(3.12) 
(3.13) 
3.2.3 Sputtering Yield Results 
Determining the basic parameters for the sputter yield of Lu20 3 could provide a 
significant amount of information on the sputter deposition process dependencies. This in 
tum would help understand the morphologies and textures that emerge. Equation (3.14) 
was used to fit the sputter yield data approximately, assuming that the sputtered product 
is solely LuO* species and that the sputter yield Equation is applicable to the system. 
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If we assume the plasma voltage to be equal to the positive target potential (i.e. Vr 
= -V c) and Equation (3.1) to be a valid assumption, and the argon to be singly ionized, 
then the argon ion energy is simply double the target bias . This yields energies that can 
be considered consistent with RF magnetron sputter energies reported in literature 
[121 ,122]. The yield was determined using Equation (3 .13), plotted and fitted with 
Equation (3.14) in Figure 3.11 and the fitting results tabulated in Appendix Section A.4.1 
in Table 6.5. Since the yield is significantly higher than expected, the first conclusion was 
that the electric current derived from Equation (3.3) does not adequately represent the 
flux of impinging argon towards the target. However, besides the applicability of the 
model and the accuracy of the results, the calculated sputter yield-energy trend appears 
consistent with theory and similar to Figure 3.2. A minimum sputtering energy is also 
clearly visible, equal to -100 e V, assuming minimal interpretability of the data. 
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3.2.4 Room Temperature Deposition Results 
(3.14) 
All depositions in this section were performed using a water cooled substrate 
design, with the target parallel to the substrate, and a target to substrate distance of 50 
mm. High purity amorphous quartz, with a large optical band gap, was used as a substrate 
and deposition times estimated to produce a film thickness of approximately 2.5 to 3 11m 
were used. The deposition pressure of 10 mTorr was chosen as the reference pressure and 
a range of powers were explored at this pressure. Furthermore, 75 W and 125 W forward 
powers were chosen as the medium and high powers, at which various pressures in the 
range of 2.5 to 40 mTorr were explored to identify different deposition mechanisms. A 
photograph of the array of samples, as-deposited, is provided in Figure 3.12. All coatings 
were subsequently annealed in air at 400°C to identify the stability, since 300°C was 
identified as the minimum temperature at which room temperature deposited thin films 
begin to anneal. 
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Figure 3.12 Photograph of the anay of the as-deposited PVD samples. 
3.2.4.1 X-Ray Diffraction Results 
Preliminary analysis of the XRD pattems in Figure 3.13, Figure 3.15 and Figure 
3.17, indicates a consistent preference for the {111} otientation under all deposition 
conditions. It is important to note that { 100}-oriented coatings have also been observed 
under similar deposition conditions [123]. A closer examination of the (222) peak in 
Figure 3.13 , Figure 3.16 and Figure 3.18 revealed two distinct features; a shifted sharp 
peak and a broad peak. The (222) peak was deconvoluted and the trend of sharp and 
broad peak intensities and positions were plotted in Figure 3.19 to Figure 3.22. The broad 
peak, which could be interpreted as a nano-phase, emerges in situations of energetic 
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depositions. These energetic depositions encompass both depositions at low pressures 
and high power. The broad peak increases in intensity with increasing deposition power 
and with decreasing pressure, potentially due to an increase in the fraction of the nano-
phase. Based on the XRD patterns, one could conclude that the sputtered energies, rather 
than having a narrow unimodal energy distribution, likely exhibit a multimodal or broad 
energy distribution . This is visible from the apparent bi-modal grain distribution clearly 
visible at 75 W and 2.5 mTorr from the appearance of the sharp and broad peak. These 
could most likely be associated with the various sputtered species; such as Lu, LuO* or 
reflected Ar [124]. 
The sharp peak had the highest intensity at the lowest power and decreasing 
intensity with increasing power. The shift in the sharp peak, which reflects the distortion 
of the unit cell, increased with deposition power, which one could interpret as an 
indicator of increased stresses. Visible from the photograph in Figure 3.12, all coatings 
had varying shades of brown; going from completely transparent at 25 Wand 10 mTorr, 
to very dark brown at 75 W and 10 mTorr. As noted in section 1.9, the brown coloring 
results from oxygen vacancies . The brown coloring could also be the result of general 
defect concentration. Although the source of the stress could not be readily identified, 
one could postulate it to originate at least partially from the defect concentration and 
therefore be correlated to the intensity of the brown color. The shift of the (222) peak, 
was largest in the case of 75 W and 10 mTorr, the deposit was also the darkest and could 
therefore be assumed to contain the highest defect concentration. 
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In order for the deposit to align with a specific orientation, the deposited species 
must have enough energy to diffuse. At low energies, the sputtered species could have 
deposited with sufficient energy for the deposited species to 'hop' as a result of atomic 
peening. As the energy of the sputtered species was increased beyond a threshold value, 
which occurred in the area of 75 Wand 10 mTorr, it could be assumed that the deposited 
species obtained sufficient energy to induce its recrystallization post-deposition. At low 
pressures, energetic sputtered species, or reflected argon atoms, could reach the substrate 
without gas phase collisions. At high powers, the sputtered species or argon atoms could 
potentially have attained energies too high to be thermalized by gas-phase collisions. The 
energetic particles packed and recrystallized the deposit, forming nano-grains and 
potentially reduced the defect concentrations, as can be deduced from the color of the 
deposits. As the energies continued to increase, re-sputtering began, as indicated in 
Figure 3.8, and began to induce damage. 
On the opposite end of the energy spectrum, at 75 W and 40 mTorr, too much 
energy was lost due to scattering and the deposit became visibly porous , as seen in Figure 
3.12, and developed a randomly otiented XRD pattern. This could be attributed to the 
lack of diffusion along with significant atomic porosity, which resulted in randomly 
oriented nucleation. 
The samples at were annealed at 400°C in air for 2 hrs and the { 111} orientation 
remained, although for the highly oriented XRD patterns the intensity decreased 
substantially. The peak broadened and shifted towards the theoretical position, which 
indicated that the oriented grains were unstable, likely due to the significant defect 
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concentration. The broad XRD peaks remained broad, although with a minor decrease in 
width and a slight increase in intensity, characteristic of grain growth. The peaks 
positions moved towards their equilibrium positions, indicating a stress relaxation. Nano-
grains, on the order of a few nanometers, can develop stressed unit cells due to large 
surface energies which decrease with increasing grain size [125]. At 125 W and 40 
mTorr, the energy of the sputtered species were such that the deposit was entirely nano-
crystalline with only a minor peak shift and retained the same peak shape post-annealing. 
At 150 Wand 10 mTorr, the energies are sufficient such that the deposit is entirely nano-
crystalline but with no peak shift and only the peak width decreases with post-annealing, 
indicative of grain coarsening of a highly stable deposit. 
3.2.4.2 Scanning Electron Microscopy 
At the lowest deposition power of 25 W, grains ranging from tens of nanometers 
up to several hundred nanometers were observed with varying growth directions. The 
XRD pattern indicated that the overall orientation was { 111}, therefore the angled grains 
must correspond to grains which exhibited faster growth rates in non-<111> directions 
whilst maintaining the { 111} orientation perpendicular to the substrate. When depositing 
at 75 W, the intensity of the (222) XRD peak was similar to that of the 25 W, however, 
the grains appeared equiaxed and relatively uniform in size, ranging from 50 to 100 nm. 
When the power was increased further, the grains became nano-sized; approximately 10 
nm. It is important to note that all large-grained samples appear to consist of sub-grains 
typically on the order of 10 nm. 
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Figure 3.13 XRD patterns for various powers at 10 mTorr. Dashed XRD patterns are of 
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Figure 3.14 Close-up of the (222) peak for various powers at 10 mTorr. Dashed XRD 
patterns are of the samples heat treated in air at 400°C for 2 hrs . The dashed vertical line 
indicates the theoretical position of the (222) peak. 
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Figure 3.18 Close-up of the (222) peak for various pressures at 125W. Dashed XRD 
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Figure 3.21 Peak positions for the sharp and broad peak as a function of pressure for 
both 75 and 125 W. The dashed horizontal line indicates the theoretical position of the 
(222) peak. 
...-.. 
(/) 
..... 
c 
::::l 
0 
~ 
>-
..... 
·u; 
c 
Q) 
-c 
100000,----------r================~ 
- •- 75 W Sharp Peak 
• 
- •- 75 W Broad Peak 
10000 - ,_ 125 W Broad Peak 
, ' 
, 
/ 
/ 
1000 . ' ' - - _, T-----T- ---->~: 
·- - - - - .... -- ----.... - - - --
' 
100 
·---- -- --------· 
10 
1+--~--.-~--.--~-.--~-.--~ 
0 10 20 30 40 
Pressure (mTorr) 
Figure 3.22 Peak intensities for the sharp and broad peak as a function of pressure for 
both 75 and 125 W. 
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The trend of grain size as a function of pressure is clearly visible from Figure 3.24 and 
Figure 3.25, where the grains become progressively larger, reaching almost 1 11m in 
diameter. The root mean square (rms) roughness and peak-to-valley distance for the 75 W 
samples deposited at various pressures are listed in Table 3.2. The rms value clearly 
reflects the increased grain size and a change in the orientation specific growth velocities. 
The evolution of the morphology with increasing pressure for the deposition powers of 
75 W and 125 W appeared similar, however, with distinctly different XRD patterns and 
slightly smaller grains at the higher power. This would be consistent with a higher 
deposition energy at 125 W, indicating that if the pressure were further increased, the 
deposit should become porous, the morphology should be identical to the 75 W I 40 
mTorr deposit and eventually develop a randomly oriented XRD pattern. 
3.2.4.3 Optical Spectroscopy 
The optical spectrum of a thin film is a good indicator of the internal structure and 
can be used to determine the optical band gap. The relation between the optical 
absorption near the band gap has been described using Equation (3.15) for direct band 
gap mate1ials. The Equation is slightly modified for indirect band gap materials where the 
power change is from V2 to 2. This is a result from the change in the curvature of the 
optical absorption . 
( )
1/2 
aE = C E- E9 (3 .15) 
where a is the absorptivity, E is the energy of the photon, Eg is the band gap and C is a 
constant. The optical band gap is obtained by plotting (a£) 2 vs. E, obtaining a linear fit 
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and the x-axis intercept is the optical band gap. For indirect band gaps, the same fitting 
method is applied for a plot of (a£) 112 vs. E. 
t--- 2 11m -----1 
Figure 3.23 Power variation at 10 mTorr pressure. (A) 25 W, (B) 75 W, (C) 100 W, (D) 
125 W, (D) 150 W. 
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Figure 3.24 Pressure variation at 75 W power. (A) 2.5 mTorr, (B) 10 mTorr, (C) 20 
mTorr, (D) 40 mTorr. 
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Figure 3.25 Pressure variation at 125 W power. (A) 2.5 mTorr, (B) 10 mTorr, (C) 20 
mTorr, (D) 40 mTorr. 
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Table 3.2 Surface roughness properties of Lu20 3 deposited at 75 W for various pressures. 
Surface Roughness 2.5 mTorr 10 mTorr 20 mTorr 40 mTorr 
rms (nm) 1.14 1.559 1.606 10.494 
Peak to Valley (nm) 4.4 4.7 6.7 48.9 
In both of these scenarios, the shapes of the bands are assumed to be 
approximately parabolic. It is also important to note that tightly bound excitons can also 
generate absorption peaks below the optical band gap [126-129]. All of the deposits were 
measured at room temperature using a Cary 5000 UV-Vis spectrometer with a resolution 
of 0.1 nm and a spectral bandwidth of 0.5 nm. The standard optical spectrum for a Lu20 3 
ceramic doped with 5 mol % Eu20 3, approximately 1 mm thick, is shown in Figure 3.26 
as a reference when analyzing the thin films . The optical band gap of the ceramic was 
determined to be 4.58 and 4.61 eV for the as hot pressed and annealed samples 
respectively. Neither the direct nor indirect fitting methods appear to fit the absorption 
curve for the Lu20 3:Eu3+ system, therefore the onset of the absorption will be used as the 
optical band gap for simplicity. All given spectra in Figure 3.27, Figure 3.28 and Figure 
3.29 contain the spectra of the films as-deposited, and films annealing at 400°C in air for 
2 hrs . It is important to note that the thin film deposited at 75 W and 40 mTorr, Figure 
3.28, was visibly porous and exhibited what is typical of optical scatter as the energy 
approaches the optical band gap energy. 
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Figure 3.26 Optical spectra of a Lu20 3 ceramic with 5 mol % Eu20 3, hot pressed at 
1600°C, 8000 psi for 2 hrs (solid line) and annealed in air at 1300°C for 15 hrs (dashed 
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Figure 3.27 Optical absorption spectra of the as-deposited thin films deposited at 10 
mTon at various powers (solid lines) and of the annealed samples (dashed lines). 
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Figure 3.28 Optical absorption spectra of the as-deposited thin films deposited at 75 W at 
various pressures (solid lines) and of the annealed samples (dashed lines). 
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Figure 3.29 Optical absorption spectra of the as-deposited thin films deposited at 125 W 
at various pressures (solid lines) and of the annealed samples (dashed lines). 
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The trend of the onset of absorption indicates that deposition stresses and defect 
concentrations play a significant role in both the as-deposited and annealed samples. 
Interestingly, the band gap increased beyond the theoretical optical band gap of Lu20 3 
( -5.5 e V) for several annealed samples. The "band gap" increases with deposition power 
until 75 W, 10 mTorr where the thin film exhibited the highest band gap after annealing 
and then subsequently drops sharply with increasing power. The nano-grained thin films 
exhibited similar band gaps in the as-deposited and annealed spectra, indicating that the 
deposits were probably stable. This would be expected if the high energy induced re-
nucleation improved the density of the thin films. The deposit at 75 W and 40 mTorr 
exhibits a surprisingly low "band gap" as-deposited, which could be attributed purely to 
optical scatter, which was reduced with densification upon annealing. 
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Figure 3.30 Variation of the optical band gap as a function of deposition parameters for 
the as-deposited and annealed thin films. 
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3.2.4.4 Emission Properties 
The emission properties are key to the imaging performance and a good indicator 
of the quality of the deposit, as the scintillation process involves the charge transfer from 
the absorbing species to the dopant. The as-deposited thin films displayed little to no 
scintillation, likely a result of the disorder and defect concentration in the deposited thin 
films [54]. As of 400°C the thin films began to exhibit radio-luminescence with 
increasing intensity up to the maximum explored annealing temperature explored of 
900°C as visible from Figure 3.31 and Figure 3.32. Beyond 900°C, the thin film 
adherence was compromised due to the large thermal expansion mjsmatch between 
amorphous quartz substrate and Lu20 3 film. 
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Figure 3.31 Radio-luminescence (RL) spectra of the thin film deposits after annealing at 
various temperatures in air, excited with a 40 kV, 20 rnA Cu X-ray source, amplified with 
a PMT C31034. Note: The spectrum appears broad due to the large spectrometer slit. 
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Figure 3.32 Trend of the RL 611 nm emission intensity with annealing temperature. 
3.2.5 Single Crystal YSZ Deposition 
Deposition on single crystal yttria stabilized ziconia (YSZ) substrates (with 8 
mol % yttria) of various orientations was investigated to help identify the deposition 
driving forces that determined the orientation. The lattice parameter of YSZ is very well 
matched to Lu20 3 with only a 1% mismatch and therefore an ideal candidate for such a 
study. Since the majority of Lu20 3 thin films develop a { 111} orientation preference, a 
{ 100} YSZ was selected to ascertain whether the substrate influenced the growth 
otientation preference or whether the orientation developed as a result of stress or surface 
energies. Deposition was perfmmed at 75 W and both 10 and 40 mTorr as they exhibited 
either the highest (222) peak or the largest grains. 
93 
3.2.5.1 X-Ray Diffraction Analysis 
The XRD patterns in Figure 3.33 indicated that both 10 and 40 mTorr deposited 
thin films had largely a { 100} orientation , but with some evidence of { 111 }-oriented 
growths as well. A closer look at the peak positions (Figure 3.34) indicated a clear shift in 
the peaks, as tabulated in Table 3.3. This confirmed that a significant portion of the 
orientation results from surface energy minimization, however, an equally significant 
(400) peak indicated a considerable contribution from the substrate as well. This supports 
the idea of adatom mobility post-deposition due to atomic peening or plasma heating as 
suggested in section 3.1.6. The reduction of distortion of the Lu20 3 lattice when 
depositing on a single crystal of YSZ also suggests that a significant amount of stress 
arises due to the amorphous quartz substrate. One could postulate that the porous deposit 
at 40 mTorr is capable of relieving the substrate induced stress faster than the dense 10 
mTorr deposit due to vacancy accommodation, since the 40 mTorr deposits are less 
dense . However, the remaining 1% distortion is likely the result of atomic defects 
resulting from deposition with limited thermal energy. 
Table 3.3 Compatison of lattice distortion for Lu20 3 deposited at 10 and 40 mTorr on 
amorphous quartz and YSZ (100). 
Pressure Amorphous Quartz YSZ (100) (mTorr) 
10 3.58 1.04 
Lattice Distortion (%) 
40 3.05 0.90 
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Figure 3.33 XRD patterns on a log intensity scale for Lu20 3:Eu3+ deposited on (100) 
YSZ at 75 Wand at 10 and 40 mTorr. 
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Figure 3.34 Close-up of the overlaid XRD patterns on a linear scale for the thin films 
deposited on (100) YSZ at 10 (solid) and 40 (dashed) mTorr. 
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3.2.6 High Temperature Deposition 
The high-temperature deposition on amorphous quartz was performed at 75 W, 10 
mTon· and 800°C to produce the highest quality 10 )Jm thick film. The XRD pattern, 
shown in Figure 3.35, shows a strong { 111} orientation with a lattice distortion of only 
0.44%. SEM analysis of the top surface and fractured cross section of the deposit (Figure 
3.36) indicated a flat and dense columnar grained growth. The deposit was highly 
transparent with the onset of the absorption (Figure 3.37) occurring around 5.18 eV, 
which was approximately the same for the deposit at room temperature under the same 
conditions. However, the sample exhibited ultra-violet induced luminescence, unlike the 
room temperature deposits, which indicates a significant improvement in crystallinity. 
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Figure 3.35 XRD patterns for Lu20 3 deposited on amorphous quartz at 75 W, 10 mTorr 
and 800°C (A) Full range (B) Close up of the (222) peak. 
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Figure 3.36 (A) Fractured cross section and (B) top surface of the -10 micron thick, 
{ 111 }-oriented PVD thin film deposited at 75 W, 10 mTorr and 800°C. 
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Figure 3.37 Optical spectrum of the high temperature deposited Lu20 3:Eu3+ thin film . 
3.3 Summary 
Sputtering experiments yielded significant insight into the deposition of oxide 
materials such as Lu20 3:Eu3+. Due to the high melting temperature (2490°C) of Lu20 3, 
the deposition process could not attain temperatures sufficient for diffusion to solely 
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result in a dense transparent coating. The combination of specific deposition conditions 
and high substrate temperature (approximately 800°C) were necessary to help enhance 
the diffusion and produce an optimized coating with the desired properties. However, 
optimization of the low temperature deposition conditions was found to be crucial in the 
eventual deposition of a high quality coating. Several key components were identified, 
such as the role of energies on the deposit morphology and orientation. At low deposition 
powers, a highly oriented deposit with relatively small grains emerged. As the deposition 
power was increased, the energies of the sputter species or reflected argon atoms induced 
recrystallization of the deposit, resulting in nano-grained films . Such recrystallization was 
the result of sputtered species retaining sufficient energy upon depositing due to 
insufficient gas phase collisions or high initial energies. At high pressures, the sputtered 
species and reflected argon atom energies were largely lost due to gas phase scattering 
and could be considered thermalized. Thermalization is the process of losing most of the 
energy due to scattering until the energy of the species is equivalent to thermal energies 
of just a few electron volts. After thermalization, the sputtered species drift towards the 
substrate. The deposits formed from thermalized sputter species exhibited the largest 
grains but typically had the least dense deposits. The optimal deposition conditions were 
therefore identified to be where the sputtered species have sufficient energy for small 
amount of atomic peening to occur; inducing densification without inducing large 
stresses. 
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Chapter 4 
4 X-Ray Imaging 
The x-ray absorption and emission characteristics are some of the most critical 
factors for selecting Lu20 3:Eu3+ as a scintillator for both medical and high resolution X-
ray imaging applications. Medical imaging applications require a coating thick enough to 
absorb virtually all the incident radiation in order to produce the maximum emission 
intensity and reduce the patient's radiation exposure. For a standard dentistry application, 
a deposited area of approximately 50 mm in diameter and a thickness of 200 11m of 
Lu20 3:Eu3+ is necessary to absorb the majority of the dose. In high resolution x-ray 
imaging, the thickness is typically between 1 to 20 11m and the importance lies in the 
properties of the scintillator as described in section 4.1.3 [130]. 
4.1 X-Ray Absorption, Emission and Imaging 
4.1.1 Absorption 
The amount of radiation absorbed (I/Io) was determined to follow Equation (4.1) 
with reasonably good accuracy, where the absorption coefficient 11 is specific to a range 
of energies that corresponds to the various absorption edges; K, L, M etc . 
I 
- = exp [( -111 p) · p · x] 
lo 
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(4.1) 
where p is the density of the mate1ial and x is the position within the material and the 
ratio of 111 p can be approximated using Equation (4.2). 
( h · c)n Ill p ~ zm . An = zm . E (4.2) 
where Z is the atomic number of the absorbing species and A is the wavelength , which 
can be converted into energy. The exponent m and n are experimentally determined and 
reported to typically range between 3 and 4 for 'm' and approximately 3 for 'n ' 
[131 ,132]. The absorption efficiencies for various 5 11m thick scintillators were estimated 
and graphed in Figure 4.1 [133]. Over the majo1ity of energies, the Lu20 3:Eu3+ system 
has been determined to be more absorptive than other materials . Martin and Koch report 
the absorption efficiency (TJabs) for 5 11m-thick scintillators of Lu20 3:Eu3+ to be 0.21, 
compared to 0.11 for LuAG:Eu, 0.11 for GGG:Eu and 0.07 for Y AG:Ce [49]. 
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Figure 4.1 X-Ray absorption efficiency of cunent scintillators used for X-ray imaging on 
synchrotron radiation sources for 5 11m thick layers [133]. 
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4.1.2 Emission 
Currently, many medical and high resolution x-ray imaging devices use Csi:TI 
scintillator detectors . For high resolution x-ray imaging applications, when imaging a 
dense or thick material, higher energies may be necessary. Some of the problems 
encountered with the Csi:TI stem from its relatively low absorption efficiency for higher 
energy ionizing radiation , resulting in the loss of relative intensity. This is illustrated in 
Figure 4.2. Marked improvement is to be expected from Lu20 3:Eu3+ [134]. 
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Figure 4.2 Electron energy response (relative light output, normalized to the value at 662 
keY, as a function of electron energy) for various alkali-halide (left) and non-alkali-
halide (right) scintillators. The response of an ideal material would be independent of 
electron energy [134]. 
4.1.3 Imaging 
The overall imaging performance depends largely on the scintillation thin film, 
however, the design of the optics also play a significant role. The 5 !flTI-thick Y AG:Ce 
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scintillator was reported by Wang et al. to have obtained a spatial resolution of 0.8 f.!m 
[135] , versus 1.04 flm by Stampanoni et al. for LuAG:Ce [136] . The optical resolution 
limit for diffraction of visible light corresponds to approximately 0.3 flm , which is 
determined by the Abbe diffraction limit Equation (4.3) [130]. For a wavelength of 611 
nm and a numerical aperture (NA) of 1, the diffraction limit occurs at 0.37 f.!m . 
Furthermore, since grain boundaries contain significant defect concentrations, the 
scintillation process at the grain boundary is inhibited. This can interfere with the 
imaging process, especially when the size of the grain is on the order of the imaging 
resolution or larger. 
R = 0.61 · J..jNA (4.3) 
The modulation transfer function (MTF) is a widely used and useful method of 
describing the imaging performance of a system. It is determined by measuring the 
contrast between white and black line pairs of decreasing widths, typically with units of 
line pairs per millimeter (lp/mm). The definition of the modulation transfer function is 
given by Equation (4.4) [132]. A line width of 0.5 f.!m corresponds to 1000 lp/mm. 
Maximum Intensity- Minimum Intensity 
MTF- (4.4) 
- Maximum Intensity+ Minimum Intensity 
4.2 CVD Thin Films 
X-ray imaging in the field of dentistry involves little or no optical magnification 
and can therefore tolerate grains up to several microns in diameter. The smallest CCD 
pixel size reported by Martinet al. was listed as 9 f.!m x 9 f.!m, and many have pixels of 14 
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f.tm x 14 f.tm or even as large as 50 flill x 50 f.tm, significantly larger that the grain size 
observed in the CVD process [49]. Radiation Monitoring Devices (RMD) and Alem 
Associates have produced dense Lu20 3:Eu3+ ceramics that have been laser cut to produce 
optically independent pixels in order to improve imaging performance, as displayed in 
Figure 4.3. This ceramic was used as a comparison for the CVD produced coatings. 
t-- 100 j..lm --1 
Figure 4.3 Pixilated ceramic of Lu20 3:Eu3+ which is used as a comparison 
X-ray imaging tests were performed on the CVD-produced thin film of 
Lu20 3:Eu3+; Figure 4.4 illustrates the basic imaging performance of a microchip and 
Figure 4.5 presents its modulation transfer function [137]. Both indicate a high potential 
for CVD to be used as a manufacturing method to produce scintillator screens for X-ray 
imaging detectors. 
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1---- "'1 em ----1 
Figure 4.4 X-ray image using the CVD film, produced with a mammography x-ray 
source of an electronics chip at 28 kVp, 160 mAs, 66 em. 
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Figure 4.5 MTF measurement of the 3 Jlm thick highly oriented CVD film from Figure 
2.9 compared to a pixelized ceramic from RMD Inc. 
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4.3 PVD Thin Films 
The PVD process demonstrated the capability of producing high quality thin films 
of Lu203:Eu3+ which were tested by Xradia in their MicroXCT system. A resolution test 
pattern x-ray image was generated at low magnification, as displayed in Figure 4.6, and 
the magnified sub-micron line pair widths are shown in Figure 4.7. The results indicate 
that a 10 f1II1 thick Lu20 3:Eu3+ PVD coating demonstrated the capability of sub-micron 
imaging, although its emission was not as bright as expected. With appropriate 
optimjzation of the deposition conditions, 0.5 f1m resolution is clearly within reach. 
Figure 4.6 X-ray modulation transfer function test pattern measured with on the high 
temperature deposited 10 f1m thick Lu20 3:Eu3+ film. 
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Figure 4.7 Magnified X-ray test pattern measured on the high temperature deposited 10 
11m thick Lu20 3:Eu3+ film where the numbers indicate the line width in 11m. 
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Chapter 5 
5 Conclusions 
5.1 CVD Thick Films for Medical Imaging 
Due to the inherent characteristic of a cold-wall system it was possible to use high 
pressures without the onset of homogeneous nucleation. Furthermore, the bottom-up gas 
design ensured that homogeneously nucleated particles do not deposit on the substrate, 
improving the quality of the deposit. However, it was not possible to process at 
temperatures in excess of 1050°C due to excessive reaction of the susceptor materials to 
the input gases. Additionally, significant difficulties were encountered in obtaining gas 
tight seals at elevated temperatures that were non-reactive to the incoming gases. Aside 
from the difficulties encountered, the cold wall system was capable of producing high 
quality, highly oriented deposits. The successful co-deposition of Lu20 3 and Eu20 3 was 
achieved and the radio-luminescence confirmed, proving the ability to chemically vapor 
deposit Lu20 3:Eu3+ and leading to the successful patenting of the halide vapor deposition 
process for Lu20 3:Eu3+[138]. 
The hot-wall system, which was able to overcome the chemical limitations of the 
graphite susceptors used in the cold-wall system and enabled depositions up to 1150°C. 
A large range of deposition conditions were explored that yielded significant insight into 
the Lu20 3 growth mechanisms and surface energies. The characteristic equilateral 
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triangular type morphology of the { 111} grains and the pyramidal shape of the { 100} 
were identified. The critical temperature at which the various surface energies become 
indistinct was identified to be -1150°C. Below this point the lowest deposition 
temperature exhibited the strongest orientation preference. The driving force for specific 
orientations, although not readily identified, proved to be a key factor in controlling the 
morphology. 
Although the CVD system was not fully optimized to deposit 200 Om thick films, 
desired for medical imaging, we were successful in developing a CVD process capable of 
depositing Lu20 3:Eu3+ coatings. Suggested modifications to the CVD system, would be a 
combination of hot wall deposition with an independently heated substrate. Furthermore, 
the lutetium and europium chlorides should be generated from LuC1 3 and EuCh powders, 
held in separate boats at independent temperatures. Such a system would provide 
enhanced control over the vaporization of the precursors and reduce the pre-nucleation 
and homogeneous nucleation, producing the highest quality deposit. Furthermore, the 
advantages of a top-down, bottom-up gas feed design must be assessed, including the 
rotation and angling of the substrate to produce the most homogeneous, defect free thick 
sci n ti II a tor. 
5.2 PVD Thin Films for High Resolution X-Ray Imaging 
With the PVD process, the capability of producing high quality thin films was 
established and significant insight was achieved into the dependence of the deposit on the 
deposition parameters was established. The significant effect of sputtering energies and 
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gas phase collisions were extensively studied in order to select the optimal deposition 
conditions for rapid growth of a 10Om scintillator film. Low energies resulted in a highly 
oriented deposit that exhibited non-uniform growth velocities . With increasing energies, 
the deposit grain size decreased, the growth velocities became homogeneous and only a 
minimal decrease in the intensity of the (222) XRD peak was observable. As the energy 
was increased, defect concentration and stress increased, causing a discoloring of the 
deposit and a significant distortion of the unit cell. Beyond a critical energy level , the 
deposit began to recrystallize due to impacting by energetic species, which resulted in 
nano-grained deposits. With increasing energy, the deposit became more compacted and 
stressed due to excessive atomic peening, which eventually resulted in re-sputtering of 
the deposit. The pressure could be controlled to maintain a high deposition rate while 
decreasing the energy of the sputtered species. A film deposited with the substrate heated 
to 800°C using these deposition conditions was tested in a commercial device, yielding 
promising results whilst highlighting the need for further optimization. The substrate was 
identified as being an important factor in improving the quality and stress of the deposit. 
Deposition on single crystal YSZ substrates, at elevated temperatures, was been selected 
as the preferred substrate for 10Om thick Lu20 3:Eu3+ scintillators. Our preliminary results 
have clearly demonstrated that the Lu20 3:Eu3+ and YSZ substrate combination, can yield 
the highest theoretical emission and potentially attain a resolution of 0.5 Om, a resolution 
that has so far been unimaginable in the x-ray imaging field. The ability to control and 
optimize deposition conditions to yield optimal films was developed using this technique 
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and led to the successful patenting of the sputtering technique for Lu20 3:Eu3+ scintillating 
thin films [138]. 
6 Appendix 
A.l Additional CVD Theory 
A.l.l Viscosity of Gas Mixtures 
Viscosity is a major factor in determining the boundary layer thickness and hence 
it is important in developing an understanding of the influence of deposition parameters, 
such as pressure and temperature. When characterizing the relationship between pressure 
and viscosity, the reduced pressure cPr), which is a ratio of the actual pressure (P) to the 
critical pressure (Pc), is typically used. The critical pressure defines the point of transition 
where the viscosity diverges from the norm. At low pressures, where Pr < 2, pressure has 
little effect on viscosity and can be considered constant. The critical pressure for nitrogen 
(N2) is approximately 33.9 bar and for most gases considered in this CVD process, 
viscosity can be assumed to be independent of pressure. Maitland et al. measured the 
viscosities of multiple gases as a function of temperature and empirically fitted the 
viscosities using Equation (6.1), the fitting values are tabulated in Table 6.1 [139]. For 
gas mixtures, such as those in the CVD process developed in this investigation, the 
effective viscosity for all necessary temperatures can be calculated using Wilke's method 
(Equation (6.3) and (6.4)). This is a simplification of the kinetic theory approach for 
mixture and neglects second-order effects. This method does not require knowledge of 
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the dipole moment, critical temperature or pressure, however, manages to predict with 
good accuracy the viscosity ofH2-C02 mixtures [79,140-142] . 
Table 6.1 List of fitting parameters for key gases, which yield a value for viscosity with 
units of micropoise (flP) [139]. 
Gas A 
Ar 0.59077 
H2 0.68720 
C02 0.44037 
B c D s 
-92.577 2990.4 -3.0755 222.8 
-0.61732 -111.49 -3.9001 88.0 
-288 .40 19312.0 -1.7418 146.7 
B C 
ln(f1/S) =A· ln(T) + T + T 2 + D 
f1 = S · exp [A· ln(T) + ~ + ; 2 + D] 
flJ Mi cp .. = --cp .. 
]I fl · M · I] 
l J 
111 
Temp Estimated 
Range Accuracy 
(K) (±%) 
600-2200 1.5 
80-2200 1.5 
180-1500 1.0 
(6.1) 
(6.2) 
(6.3) 
(6.4) 
(6.5) 
A.1.2 Diffusivity of Gas Mixtures 
The presence of multiple species makes diffusion much more complicated, as 
several assumptions must be made and the diffusivities of individual gases within other 
gases must be known. 
(6.6) 
Determining the diffusivity of the species is complex, however, Fuller et a!. have 
determined a method of approximation that typically generates errors of approximately 
4%, which for our needs are satisfactory, using the following two Equations: 
(6.7) 
(6.8) 
where the diffusion volumes of the simple molecules are given in Table 6.2 and diffusion 
measurement for comparison are given in Table 6.3. 
Table 6.2 Properties of gases taken from Wilke eta!. [140] 
Gas Diffusion Volumes of Simple Molecules CEv) 
Ar 16.2 
H2 16.2 
C02 26.9 
H20 10.73 
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Table 6.3 Properties of gases taken from Wilke eta!. [140] 
Gas Pair T (K) DABP (cm2/s) 
Ar-H2 295 0.84 
628 3.25 
1068 8.21 
COz- HzO 307 0.201 
Hz- HzO 307 0.927 
Furthermore, when estimating the effect of pressure and temperature (Equations 
(6.9) and (6 .10)) on the diffusivities of a gaseous species in a gaseous mixture, several 
relations have been estimated. Just as in the case of viscosity, the diffusivity does not 
change significantly for low pressures and can therefore be assumed constant as a 
function of pressure. 
r 3/2 
DAB ex flo (T) 
( alnDAB) = ~ _ dlnflo alnT 2 dlnT 
where fl 0 is determined experimentally. 
(6 .9) 
(6 .10) 
However, the diffusivity of LuCh and EuCh could not be estimated due to the 
lack of basic information and one could postulate that the diffusion of LuCI 3 and EuCI3 
are likely to be the rate limiting steps. Therefore, the diffusion system cannot be 
completely evaluated. 
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A.1.3 Temperature and Gas Flow Modeling 
Two of the key features in a CVD process are the fluid dynamics and temperature 
profile of the gases as they approach the substrate. The gas velocity and profile can be 
determined by the total gas flow rate and the outlet design . Fluid dynamics and the 
reactor and substrate temperature can be used to determine the temperature profile. The 
way the gases pass through the reactor and the flow rate are determining factors in the 
amount of thermal energy gained prior to mixing. This affects the temperature profile of 
the approaching gas . Using the Comsol multiphysics™ modeling software Femlab™, the 
CVD system was modeled to obtain basic insight into the process dynamics. The results 
are shown in Figure 6.1. A clear relationship between the reactor temperature, substrate 
temperature, substrate to outlet separation, total flow rate and the temperature profile was 
obtained. 
These results suggest that with elevated flow rates, little thermal energy is 
absorbed if the gas-crucible interaction is limited. Furthermore, the substrate temperature 
has little effect on the approaching gas temperature profile until within short distances. 
These results indicate that the LuCI) and EuCb gases can attain temperatures as low as 
300°C after exiting the crucible, far below the vaporization temperature. This is important 
due to the possibility of LuCI) and EuCI) either re-solidifying or re-liquefying, which 
could result in a plasma-spray type of deposition. Furthermore, the near-substrate radial 
gas and temperature profile is crucial in understanding the coating thickness and 
morphology uniformity . A region of low speed gases at the center of the substrate is 
visible from the modeling and results in a higher residence times, altering the deposition 
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conditions. Fmthermore, the proximity of the substrate to the outlet affects the gas spread 
and temperature profile. If the substrate is too close, the gas velocity is high enough to 
create a focused flow profile that could concentrate all the gases in the center of the 
substrate. Gas separation due to mass differences under these circumstances is possible 
and could result in localized gas concentrations different from the input. 
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Figure 6.1 FemJab modeling of (a) the flow dynamics and (b) the temperature profile for 
a separation of 32 rnm and (c) the flow dynamics and (d) temperature profile for an 
increased separation of 76 mm for a total flow rate of approximately 3 slm of Hz and a -6 
mm diameter opening. 
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A.2 Additional CVD Figures 
A.2.1 Cold Wall Deposition Rates 
Cold wall deposition rates without the adj ustment factors as a function of input 
flow rates and temperature. 
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Figure 6.3 Dependence of the deposition rate on the (A) temperature for (- .. 300 and ( -G 
) 400 seem C0 2, (B) the Arrhenius plot of the deposition rate and temperature for (---
300 and (-G) 400 seem C0 2. 
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A.2.2 Cold Wall SEM Images 
Affect of the substrate on the growth homogeneity of Lu20 3. 
I- 20 ~-tm --1 
Figure 6.4 Low magnification image of deposit at the same deposition conditions on (A) 
amorphous quartz and (B) graphite 2H at the conditions specified in Figure 2.7. 
Figure 6.5 SEM images of the CVD deposit at a deposition temperature of; (A) 950°C, 
(B) 1050°C. 
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Figure 6.6 Variation of the chlorine input at 1000°C; (A) 3 seem, (B) 6 seem, (C) 9 
seem, (D) 12 seem. 
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A.3 Additional PVD Theory 
A.3.1 Sputter Yield Parameter Equations 
where; 
The sputter yield Equation, as specified, is equal to: 
* _ {0.249(Mzl M1) 0·56 + 0.0035(Mzl M1)1.5, 
a - 0.0875(M2/M1)-0·15 + 0.165(M2/M1), 
{
1 + 5.7(M1/M2) 
Eth y ' 
U5 - 6.7 
y' 
(6.11) 
(6.12) 
(6 .13) 
and the variables Eth and Us are the threshold and surface binding energies of the target 
respectively. The energy transfer coefficient 'D' in an elastic collision (Equation (6.14)), 
the D factor (Equation (6.15)), the Lindhard electronic stopping coefficient 'ke' (Equation 
(6.16) ), the nuclear stopping cross section 'Sn(E)' (Equation (6.17)) and the reduced 
energy 'D' (Equation (6.19)) are all calculated using the following Equations: 
4M1M2 
y = (M1 + M2)2 
r = _w_cz_2)~ 
1 + (Md7) 3 
(M + M )3/2 z2/3 2 112 
k = 0 079 1 2 1 2 
e · M3/2 M112 ( 213 213 )3/4 
1 2 Z1 + Z2 
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(6.14) 
(6 .15) 
(6.16) 
_ 84.78Z1Z2 M1 KrC 
Sn(E) - (z2/3 z2 /3 ) M + M Sn (E) 
1 + 2 1 2 
K C 0.5 · ln (1 + 1.2288 ·E) Sn r (E) = ------=-------
E + 0.1728-JE + 0.008 · E0 .1504 
0.4685A 1 M2 
E = 2 1/2 E 
e z z (z2/3 + z2/3) M1 + M2 
1 2 1 2 
(6.17) 
(6.18) 
(6 .19) 
where Q(Z2), W(Z2) and 's' are best-fit empirically determined values [101 ,143]. 0 is 
reduced LSS energy. s~F is the reduced nuclear stopping cross section due to electrons 
and is approximated by an analytical fit to the Thomas-Fermi potential in Equation (6 .18) 
[144]. Where ~E is of the order of 1-2, but may vary approximately as ~E ~ z~16 , v0 = 
e 2 jh and a 0 is the Bohr radius. 
In the case of a multi-component material, Z2, M2, Us can be replaced with their 
the atomic fraction of the ith element [101 ,143,144]. 
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A.4 Additional PVD Results and Figures 
A.4.1 Fitting Results 
Before evaluating Equation (3.4) for the Ar-Lu20 3 sputter system, an 
understanding of the parameters was necessary to rrlinimize the number of fitting 
parameters and determine what range of parameters are realistic. Several scenarios were 
evaluated since sputtered species of monatomic Lu and monomers and dimers of Luo* 
and Lu20 3 are also possible. The yield expressions were partially solved for monatomjc 
Lu in Equation (6.20) and for LuO in Equation (6.21). 
Y(E) 
46.396 · Q(Z2 ) · [ 1 - 1.9499 · ~' 
U5 ( 1 + 1.2016 · 10-3 · W(Z2)) 
In (1 + 5.3607 · 10-7 ·E) 
( 4.3625 · 10-7 • E + 1.1413 · 10-3 • .JE + 8.8411 · 10-4 · ED.lS04) 
Y(E) 
131.99 · Q(Z2 ) • [1- 2.1774 · ~' 
U5 (1 + 1.4172 · 10-3 · W(Z2)) 
In (1 + 8.4787 · 10-8 ·E) 
( 6.9000 · 10-8 • E + 4.5391 · 10-s · .JE + 6.6997. 10-4 • Eo.lso4) 
(6.20) 
(6.21) 
Since these values have not been evaluated for lutetium oxide, the values obtained 
for metallic rare earth and simj]ar oxide targets such as those in Table 6.4 were used as a 
reference. 
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Table 6.4 Table of constants for rare earth metallic target. 
Target Zz Us Q w s 
Tb 65 4.05 0.90 1.42 2.5 
Tm 69 2.42 0.65 0.85 2.5 
Table 6.5 Table of fitted values for the yield Equations and their standard errors. 
Target Zz Mz Us Std Q Std w Std Std Err Err Err s Err 
Lu 71 174.967 16.77 20.81 11.96 12.85 0 0 1.18 1.33 
Lu203 166 397.9322 18.16 13.84 13.67 8.69 0 0 0.71 0.64 
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